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ABSTRACT 
T o r s i o n a l  and  a x i a l  measurements  of y i e l d  s t r a i n  i n  bery l l ium-0 .2%-Fe  
a l l o y  a r e  compared and  found  t o  h a v e  good ag reemen t  i n  a c c o r d a n c e  w i t h  t h e  
o c t a g o n a l  stress t h e o r y .  S i l i c i c  m a t e r i a l s ,  i n c l u d i n g  CER-VIT, f u s e d  
s i l i c a ,  and  ULE f u s e d  s i l i c a ,  were  a l s o  t e s t e d  and found t o  have  no  a p p a r -  
e n t  y i e l d  up t o  70 ~ I N / N ~  s t r e s s  when e t c h e d .  !.JitIl u n t r e a t e d  ground 
s u r f a c e s ,  a p p a r e n t  y i e l d  a p p r o a c h i n g  one  m i c r o s t r a i n  i s  o b s e r v e d  i n  t o r s i o n  
w i t h  t h e  s i l i c i c  m a t e r i a l s .  Time d e p e n d e n t  s t r a i n  c h a r a c t e r i s t i c s  f o r  
t h e  f o u r  m a t e r i a l s  a r e  p r e s e n t e d  and d i s c u s s e d .  
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1 .0  SUMMARY 
The p r i n c i p a l  o b j e c t i v e  of t h i s  program, which i s  t h e  c o r r e l a t i o n  of 
t o r s i o n a l  s h e a r  w i t h  t e n s i o n  and compression measurements i n  t h e  micro- 
y i e l d  r e g i o n ,  h a s  been ach ieved ,  w i t h  comparison of b o t h  y i e l d  
(nonrecoverab le )  and de layed  e l a s t i c  ( v i s c o e l a s t i c )  s t r a i n  c h a r a c t e r i s t i c s .  
M a t e r i a l s  t e s t e d  i n c l u d e  f u s e d  s i l i c a  (Corning 7940),  t i tanium-doped 
s i l i c a  (Corning 7971),  CER-VIT 1 0 1  (Owens-I l l inois)  , and Beryll ium- 
0.2% i r o n  a l l o y .  
The bery l l ium- i ron  a l l o y  was t h e  on ly  m a t e r i a l  t e s t e d  i n  t h i s  program 
e x h i b i t i n g  s i g n i f i c a n t  y i e l d  s t r a i n .  The measured y i e l d  s t r a i n  charac-  
t e r i s t i c  f o l l o w s  t h e  Ramberg-Osgood r e l a t i o n s h i p  over  f o u r  o r d e r s  of 
magnitude of s t r a i n .  The t o r s i o n a l  s h e a r  y i e l d ,  a f t e r  c o r r e c t i o n  f o r  
t h e  s o l i d  rod geometry,  was found t o  c o r r e l a t e  w e l l  w i t h  t h e  t e n s i l e  and 
compress ive  y i e l d  v a l u e s  a s  p r e d i c t e d  by t h e  o c t a g o n a l  s h e a r  s t r e s s  
t h e o r y .  
The absence of s i g n i f i c a n t  y i e l d  i n  t h e  s i l i c i c  m a t e r i a l s  a f t e r  removal 
of s u r f a c e  damage by e t c h i n g  i s  a t  v a r i a n c e  w i t h  p rev ious  work w i t h  
unetched m a t e r i a l s .  Sur face  g r i n d i n g  damage h a s  been e s t a b l i s h e d  a s  t h e  
r e s p o n s i b l e  f a c t o r  f o r  t h i s  apparen t  y i e l d .  
A l l  m a t e r i a l s  t e s t e d  i n  t h i s  program e x h i b i t  delayed e l a s t i c  s t r a i n  
c h a r a c t e r i s t i c s  i n  accordance w i t h  t h e  N u t t i n g  r e l a t i o n s h i p .  R e p r e s e n t a t i v e  
c u r v e s  a r e  p r e s e n t e d  f o r  each m a t e r i a l .  
2.0 INTRODUCTION 
Large d i f f r a c t i o n - l i m i t e d  s p a c e  o p t i c s  r e q u i r e  s t r u c t u r a l  s t r a i n  s t a b i l -  
i t i e s  of A thorough unders tand ing  of  c a n d i d a t e  m i r r o r  s u b s t r a t e  
m a t e r i a l s  i s  e s s e n t i a l ;  o t h e r w i s e ,  an e f f e c t i v e  s p a c e  m i r r o r  sys tem w i l l  
n o t  be  a t t a i n a b l e .  The o b j e c t  of t h i s  program i s  t o  de te rmine  t h e  amount 
of permanent de fo rmat ion  t h a t  occurs  i n  t y p i c a l  m i r r o r  s u b s t r a t e s  a f t e r  t h e y  
a r e  s u b j e c t e d  t o  v a r i o u s  degrees  of s t r e s s .  
A s  a  p a r t  of i t s  inhouse  r e s e a r c h ,  The Boeing Company h a s  developed t h e  
c a p a b i l i t y  of t e s t i n g  m a t e r i a l s  f o r  r e s i d u a l  o r  nonrecoverab le  s h e a r  
s t r a i n  i n  t h e  range  of  t o  10-lo a f t e r  r e l e a s e  of a p p l i e d  t o r s i o n a l  
s t r e s s .  The equipment and t e s t  programs w i t h  which i t  h a s  been used a r e  
d e s c r i b e d  i n  r e f e r e n c e s  1 and 2.  
Most c o n v e n t i o n a l  s t r u c t u r a l  t e s t  work is concerned w i t h  t e n s i l e  y i e l d  
measurements i n  t h e  range  of 10-3 26 g r e a t e r .  T h i s  h a s  been ex tended  by 
s e v e r a l  workers  t o  t h e  range of 10 s t r a i n ,  and by a  few t o  lo-', a t  
which p o i n t  s e v e r e  problems w i t h  equipment and m a t e r i a l  s t a b i l i t y  have been  
encoun te red .  The t o r s i o n  t e s t  equipment mentioned above was des igned  t o  
extend measurement c a p a b i l - i t y  by s e v e r a l  o r d e r s  of magnitude.  
The s e n s i t i v i t y  and s t a b i l i t y  o b t a i n e d  w i t h  t h e  t o r s i o n a l  a p p a r a t u s  have 
a l lowed  t h e  measurement and a n a l y s i s  of m a t e r i a l  p r o p e r t i e s  p r e v i o u s l y  
u n r e p o r t e d .  C o r r e l a t i o n  w i t h  p r e v i o u s l y  e x i s t i n g  t e n s i o n  and compress ion 
d a t a  was v e r y  s k e t c h y ,  owing t o  l a c k  of r e p o r t e d  measurements. The r e p o r t e d  
measurements ( r e f e r e n c e  3 )  appeared t o  c o r r e l a t e  r e a s o n a b l y  w e l l ,  b u t  
t h e  range  of o v e r l a p  was s m a l l ,  and on ly  t e n s i o n  was r e p o r t e d .  
A s  t h e  mechanisms responsib1.e f o r  t h e  e f f e c t s  n o t e d  i n  t h e  h igh  p r e c i s i o n  
t o r s i o n  t e s t s  ( r e f e r e n c e  1 )  were n o t  f u l l y  u n d e r s t o o d ,  t h e  r e l a t i o n s h i p  
between t h e  s h e a r  p r o p e r t i e s  and l i n e a r  s t r a i n  p r o p e r t i e s  of t h e  mater-  
i a l s  i n  t h e  same o r d e r  o f  magnitude cou ld  n o t  r e a d i l y  be  e s t a b l i s h e d  
excep t  by exper iment .  I t  was a d v i s a b l e ,  t h e r e f o r e ,  t o  perform t e n s i o n  
and compression t e s t s  of a s  n e a r  comparable p r e c i s i o n  a s  p o s s i b l e  t o  t h a t  
of t h e  e s t a b l i s h e d  t o r s i o n  c a p a b i l i t y  s o  t h a t  a  comparison and c o r r e l a t i o n  
of m a t e r i a l  p r o p e r t i e s  could  b e  made. 
The i n h e r e n t  h igh  mechan ica l  a m p l i f i c a t i o n  of s t r a i n  mot ions  and t h e  
f i r s t - o r d e r  c a n c e l l a t i o n  of l i n e a r  expansion a f f o r d e d  by t o r s i o n  appar-  
a t u s  a l l o w  measurements t o  be made w i t h  much more p r e c i s i o n  than  i n  a  
l i n e a r  tens ion-compress ion sys tem.  The s t r a i n  p r e c i s i o n  l i m i t  of t h e  
tension-compgession a p p a r a t u s  i s  of t h e  o r d e r  of 2 x  a s  compared t o  
t h e  5 x 10- l e v e l  a t t a i n e d  w i t h  t h e  t o r s i o n  a p p a r a t u s .  T h i s  s t i l l  
a l l o w s  a  l a r g e  o v e r l a p  below and above t h e  1 - m i c r o s t r a i n  ( 1  x lom6)  v a l u e .  
The performance of t h i s  equipment i n  advanc ing  t h e  s t a t e  of  a r t  canno t  
be r e g a r d e d  a s  a "breakt l l rought t  b u t  o n l y  a p p l i c a t i o n  of good e n g i n e e r i n g  
d e s i g n .  The a u t h o r  wishes  t o  e x p r e s s  h i s  a p p r e c i a t i o n  of t h e  e x c e l l e n t  
mechan ica l  d e s i g n  work of Heinz Recker on t h i s  eq-uipment. 
3 . 0  EXPERIMENTAL APPARATUS 
The e x p e r i m e n t a l  a p p a r a t u s  u sed  i n  t h i s  program i s  b a s i c a l l y  t h a t  d e s c r i b e d  
i n  r e f e r e n c e  1, w i t h  minor  d e s i g n  r e f i n e m e n t s  t o  improve pe r fo rmance .  
Appara tus  f o r  t ens ion -compress ion  measurements  h a s  been  d e s i g n e d  and 
c o n s t r u c t e d  w i t h  p r e c i s i o n  measurement f e a t u r e s  s imi la r  t o  t h o s e  of t h e  
t o r s i o n  f a c i l i t y .  F i g u r e  1 i s  a  pho tog raph  of  t h e  comple t e  a p p a r a t u s  
a s sembly  . 
3 . 1  THERMAL CONTROL 
Two e s s e n t i a l l y  i d e n t i c a l  doub le  (two-zone) t h e r m a l  e n c l o s u r e s  ( f i g u r e s  
and 3)  h a v e  been  c o n s t r u c t e d  t o  a l l o w  c l o s e  c o n t r o l  of spec imen t h e r m a l  
env i ronmen t .  An e n c l o s u r e  of  expanded p o l y s t y r e n e  1 6  c e n t i m e t e r s  t h i c k  
i n s u l a t e s  t h e  o u t e r  t h e r m a l  c o n t r o l  zone f rom room ambien t  t e m p e r a t u r e .  
Wi th in  t h i s  e n c l o s u r e  i s  a n o t h e r  e n c l o s u r e  w i t h  w a l l s  2 .5  c e n t i m e t e r s  
t h i c k ,  c o n t a i n i n g  t h e  i n n e r  t h e r m a l  c o n t r o l  zone and t h e  t e s t  a p p a r a t u s .  
A x i a l  f a n s  d r i v e n  by  moto r s  e x t e r n a l  t o  t h e  e n c l o s u r e s  c i r c u l a t e  a i r  i n  
e a c h  c o n t r o l  zone.  A p a s t e b o a r d  windsc reen  e n c l o s u r e  a round  t h e  e x t e n -  
ometer  s h i e l d s  a g a i n s t  a i r  t u r b u l e n c e .  
Tempera tu re  w i t h i n  e a c h  e n c l o s u r e  i s  s e n s e d  by a p a i r  of t h e r m i s t o r s  h a v i n g  
a p o s i t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  1 2 . 5 %  p e r  d e g r e e  Ke lv in .  Two 
f i x e d  r e s i s t o r s ,  whose v a l u e  d e t e r m i n e s  t h e  b a l a n c e  t e m p e r a t u r e ,  comple te  
t h e  d . c .  e x c i t e d  b r i d g e  c i r c u i t .  B r idge  u n b a l a n c e  is  a m p l i f i e d ,  t ime- 
i n t e g r a t e d ,  and a p p l i e d  t o  a n  e l e c t r i c  h e a t e r ,  a s  d e s c r i b e d  i n  r e f e r e n c e  1. 
The h e a v i l y  i n s u l a t e d  o u t e r  w a l l s  of t h e  t h e r m a l  e n c l o s u r e s  were  d e s i g n e d  
f o r  o p e r a t i o n  a t  t e m p e r a t u r e s  from 190°K t o  3 4 0 ' ~ .  Heat  removal  i n  t h e  
o u t e r  t h e r m a l  c o n t r o l  zone f o r  o p e r a t i o n  a t  o r  below ambient  can  b e  con- 
t r o l l e d  by r e l e a s e  o f  l i q u i d  ca rbon  d i o x i d e .  O p e r a t i o n  a t  o t h e r  t h a n  
306OK is n o t  w i t h i n  t h e  s c o p e  o f  t h i s  program, however,  and was n o t  
implemented.  
S t e a d y - s t a t e  t h e r m a l  f l u c t u a t i o n s  w i t h i n  t h e  i n n e r  t h e r m a l  c o n t r o l  zone 
were  measured  by a  p l a t i n u m  r e s i s t a n c e  thermometer  t o  b e  w i t h i n  t 5 0 0  mic ro -  
d e g r e e s  Ke lv in .  I n t r o d u c t i o n  of h y d r a u l i c  f l u i d  a t  l a b o r a t o r y  ambien t  
t e m p e r a t u r e s  c a u s e s  a n  i n d i c a t e d  t e m p e r a t u r e  t r a n s i e n t  of  a p p r o x i m a t e l y  5 
m i n u t e s '  d u r a t i o n  w i t h  l i m i t s  of -4 and +2 m i l l i d e g r e e s  K e l v i n .  E f f e c t s  
o f  t h i s  t r a n s i e n t  on e x t e n s o m e t e r  i n d i c a t i o n  a r e  n o t  d i s c e r n i b l e .  
The i n n e r  t h e r m a l  c o n t r o l  zone is s e t  f o r  a  t e m p e r a t u r e  of 3 0 6 O ~  and h a s  a 
s t e a d y  s t a t e  e l e c t r i c a l  power i n p u t  be tween 600 and 1 ,000  m i l l i w a t t s .  The 
o u t e r  zone o p e r a t e s  a t  1 . 5 ' ~  below t h e  i n n e r  zone ,  w i t h  a n  i n p u t  of a p p r o x i -  
m a t e l y  2 . 4  w a t t s .  M e c h a n i c a l  power i n p u t  from each  f a n  i s  e s t i m a t e d  a t  
200 m i l l i w a t t s .  R e p e a t a b i l i t y  of t h e  se t  p o i n t  from one run  t o  t h e  n e x t  
i s  w i t h i n  - +O. 1'~. 
The time t o  r e a c h  t h e  s e t  p o i n t  from a  c o l d  s t a r t  i s  45 m i n u t e s .  F u l l  
e q u i l i b r a t i o n  r e q u i r e s  12 h o u r s .  
3.2 TORSION APPARATUS 
The t o r s i o n  a p p a r a t u s  d e s c r i b e d  i n  r e f e r e n c e  1 h a s  been modi f i ed  t o  
a c c e p t  a  specimen w i t h  a  t e s t  s e c t i o n  5  c e n t i m e t e r s  long  and t o  a p p l y  
l o a d  h y d r a u l i c a l l y  r a t h e r  t h a n  by g e a r s  ( f i g u r e s  4  and 5 ) .  The 
ex tensomete r  cups ,  of one-piece  l a v a  c o n s t r u c t i o n ,  a r e  cemented t o  
low-s t ress  s h o u l d e r s  on t h e  specimen and employ f o u r  d i f f e r e n t i a l  
t r a n s f o r m e r s  t o  measure d i f f e r e n t i a l  a n g u l a r  p o s i t i o n  ( f i g u r e  6 ) .  The 
specimen ( s e c t i o n  4.0) i s  loaded  i n  t o r s i o n  by n u t s  cemented t o  i t s  
t h r e a d e d  end s e c t i o n s .  The lower n u t  i s  d r i v e n  by a  f o r k  coupled t o  
a u n i v e r s a l  j o i n t ,  a  s t r a i n - g a g e d  l e v e r  arm, and a h y d r a u l i c  c y l i n d e r  
a c t u a t o r .  Backlash i n  t h e  f o r k  c o u p l i n g  i s  adequa te  t o  e n s u r e  complete  
freedom of  motion of  t h e  specimen when unloaded.  The s t r a i n - g a g e d  
l e v e r  arm s e n s e s  t h e  t o r q u e  couple  a p p l i e d  by t h e  h y d r a u l i c  c y l i n d e r .  
With t h e  specimens employed i n  t h i s  program, p e r m i s s i b l e  l o a d i n g  t o r q u e  
i s  l i m i t e d  by t h e  u n i v e r s a l  j o i n t  r a t i n  of 13 Newton-meters. E q u i v a l e n t  5 specimen o u t e r  f i b e r  s t r e s s  i s  124 MN/m (18000 p s i ) .  
The t o r s i o n  ex tensomete r  h a s  been s t a n d a r d i z e d  a s  i n  p r e v i o u s  programs 
( r e f e r e n c e  1 )  b y  o p t i c a l  measurement of  a n g u l a r  d e f l e c t i o n  of t h e  
ex tensomete r  and by comparison w i t h  e l e c t r i c a l  r e s i s t a n c e  s t a n d a r d s .  
F i g u r e  7  shows a  t h e o d o l i t e  s e t  up f o r  a u t o c o l l i m a t o r  measurement w i t h  
two f i r s t - s u r f a c e  m i r r o r s  a t t a c h e d  t o  t h e  extensometer  cups .  
The t o r s i o n  lever-arm l o a d  c e l l  was s t a n d a r d i z e d  by s t r i n g - p u l l e y  dead 
we igh t  load ing .  T h i s  was compared a g a i n s t  e l e c t r i c a l  r e s i s t a n c e  
s t a n d a r d s  which were u t i l i z e d  f o r  equipment s t a n d a r d i z a t i o n  a t  t h e  
b e g i n n i n g  of  each t e s t .  
3.3 TENSION-COMPRESSION APPARATUS 
The tens ion-compress ion a p p a r a t u s ,  shown i n  f i g u r e s  8 through 1 0 ,  i s  
p a t t e r n e d  a f t e r  t h e  t o r s i o n  a p p a r a t u s  excep t  f o r  t h e  d i r e c t i o n  of load-  
i n g  and s e n s i n g .  Lava cups cemented t o  t h e  specimen s h o u l d e r s  s u p p o r t  
f o u r  d i f f e r e n t i a l  t r a n s f o r m e r s  t o  form an extensometer  s e n s i t i v e  t o  
a x i a l  e x t e n s i o n .  S p h e r i c a l  s t e e l  b a l l s  th readed  and cemented t o  t h e  
ends  of t h e  specimen a r e  r e s t r a i n e d  i n  s p h e r i c a l  s o c k e t s  t o  form b a l l  
j o i n t s  f o r  min imiza t ion  of bending f o r c e s  d u r i n g  load ing .  The lower  
b a l l  j o i n t  i s  des igned  w i t h  a  c l e a r a n c e  o r  b a c k l a s h  of +1.8 mm f o r  
complete  freedom of t h e  specimen when unloaded.  A h y d r a u l i c  c y l i n d e r  
w i t h  a  b o r e  of 5 .04 cm p r o v i d e s  t h e  l o a d i n g  f o r c e ,  which is  measured by 
two s t r a i n - g a g e . l o a d  c e l l s  i n  t h e  columns of t h e  l o a d i n g  a p p a r a t u s .  
With a  6.9 bTi!?/m2 (1000 p s i )  h y d r a u l i c  p r e s s u r e  s u p p l y ,  specimen stress 
of 460 MN/m2 (67000 p s i )  i n  t e n s i o n  and 550 PfhT/rn2 (80000 p s i )  i n  
compress ion may be  produced.  The l o a d  c e l l s  a r e  r a t e d  t o  8 .9  kN 
(2000 l b )  which cor responds  t o  specimen s t r e s s  of 175 M N / ~ ~  (26000 p s i )  
The l o a d  c e l l s  may be  over-ranged by 50% w i t h o u t  damage. 
Severe  d i f f i c u l t y  was exper ienced  i n  p r o v i d i n g  r e l i a b l y  adequa te  c o r e  
c l e a r a n c e  on a l l  f o u r  LVDT's d u r i n g  assembly.  T h i s  problem was s o l v e d  
by  p r o v i d i n g  th readed  bush ings  f o r  i n s t a l l a t i o n  of t h e  c o r e  s u p p o r t  rods  
t o  the ex tensomete r .  Four s e t s  of bush ings  a r e  provided w i t h  0 ,  0 . 1 3 ,  
0 . 2 5 ,  and 0.38 m i l l i m e t e r  e c c e n t r i c  o f f s e t  of t h e  th readed  h o l e .  
A x i a l  p o s i t i o n  r e f e r e n c e  f o r  t h e  e c c e n t r i c  bush ings  i s  p rov ided  by 
s p r i n g l o a d i n g  a g a i n s t  t h e  ex tensomete r  f l a n g e  w i t h  a  second bush ing  
and a  rubber  O-ring.  
The ex tensomete r  o u t p u t  was c a l i b r a t e d  by d e f l e c t i o n  of one of  t h e  
d i f f e r e n t i a l  t r a n s f o r m e r s  w i t h  a  micrometer  o v e r  a  range o f  0 . 1  
m i l l i m e t e r .  The o u t p u t  was compared t o  t h a t  produced by r e s i s t a n c e -  
s t a n d a r d  s i g n a l s  i n s e r t e d  a t  t h e  i n p u t  t o  t h e  p r e a m p l i f i e r ,  as employed 
i n  t h e  t o r s i o n  sys tem.  
Load c e l l s  were s t a n d a r d i z e d  a t  a small f r a c t i o n  of  t h e i r  c a p a c i t y  by 
dead we igh t  l o a d i n g .  R e s i s  t a n c e  s t a n d a r d s  , compared t o  t h i s  v a l u e ,  
were  used  f o r  s t a n d a r d i z a t i o n  t h e r e a f t e r  . 
3 . 4  EXTENSOMETER MOUNTING 
Mounting of  t h e  specimen t o  t h e  ex tensomete r  r e q u i r e s  s e c u r e  a t t achment  
t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  s t i c k - s l i p  o p e r a t i o n .  Mechanical  clamp- 
i n g  h a s  been found t o  b e  u n s a t i s f a c t o r y  u n l e s s  clamping f o r c e s  approach- 
i n g  t h e  f r a c t u r e  l i m i t  o f  s i l i c i c  m a t e r i a l s  a r e  used.  These f o r c e s  
produce u n a c c e p t a b l e  s i d e  e f f e c t s .  Thermose t t ing  a d h e s i v e s  do n o t  
a l l o w  conven ien t  subsequen t  d i sassembly .  The b e s t  a l t e r n a t i v e  i s  a  
t h e r m o p l a s t i c  a d h e s i v e .  
A commercial s t r u c t u r a l  a d h e s i v e , ' a  Phenoxy t h e r m o p l a s t i c ,  was chosen 
a f t e r  t e s t i n g  of  s e v e r a l  a l t e r n a t i v e  cements.  The Phenoxy i s  q u i t e  v i s -  
cous a t  i t s  s o f t e n i n g  t empera tu re  (420°1Z), and r e q u i r e s  a  s p r i n g -  
loaded  j i g  f o r  assembly of ex tensomete r  t o  t h e  specimen. F i g u r e  11 
shows t h e  tens ion-compress ion ex tensomete r  mounted i n  one of t h e  j i g  
f i x t u r e s  . 
3.5  LOADING CONTROL SYSTEM 
Loading c o n t r o l  f o r  b o t h  t o r s i o n  and tens ion-compress ion sys tems  was 
accomplished w i t h  s i m p l e  e l e c t r o h y d r a u l i c  c o n t r o l s .  An accumulator  hav- 
i n g  a  s t o r a g e  c a p a c i t y  of  2 l i t e r s ,  p r e s s u r i z e d  by a  hand pump, s e r v e s  
a s  t h e  power s u p p l y .  So leno id  v a l v e s  c o n t r o l  t h e  d i r e c t i o n  of  f low o f  
f l u i d  t o  t h e  l o a d i n g  c y l i n d e r s .  Pressure-compensated f low-con t ro l  v a l v e s  
p r o v i d e  s e l e c t i o n  o f  c o n s t a n t  l o a d i n g  r a t e  independent  of supp ly  
p r e s s u r e  and specimen l o a d .  
A p a i r  of cam-operated s w i t c h e s  on t h e  l o a d  mechanism i n d i c a t e s  
d i r e c t i o n  o f  d e p a r t u r e  from t h e  n e u t r a l  no-load p o s i t i o n .  An i n t e r -  
l o c k  i s  provided s o  t h a t  when t h e  specimen i s  under s t a t i c  l o a d ,  t h e  
l o a d i n g  sys tem w i l l  a c t u a t e  on ly  i n  t h e  d i r e c t i o n  of  d e c r e a s i n g  l o a d ,  
t h u s  p r e v e n t i n g  specimen over load ing .  The l o a d i n g  c o n t r o l  sys tem i s  
p r e s e n t l y  o p e r a t e d  w i t h  manual pushbu t tons ,  which a r e  depressed  u n t i l  
t h e  d e s i r e d  l o a d  o r  p o s i t i o n  i s  reached ,  a s  i n d i c a t e d  by l o a d  and 
p o s i t i o n  d i s p l a y s .  
The e l e c t r o h y d r a u l i c  l o a d i n g  c o n t r o l  system was e v a l u a t e d  w i t h  specimen 
t e s t  s e c t i o n  d iamete r s  o f  7 . 1  and 15 .2  m i l l i m e t e r s .  Loading r a t e s  from 
1 t o  100 PIP?/m2 s e c  were e a s i l y  set  and c o n t r o l l e d  w i t h  t h e  f low c o n t r o l  
v a l v e s .  Load l e v e l s  are main ta ined  w i t h  n e g l i g i b l e  d r i f t  when l o a d  
c o n t r o l  v a l v e s  a r e  c l o s e d .  
T r a n s i e n t  r esponse  of t h e  f low c o n t r o l  v a l v e s  i n i t i a l l y  caused some 
concern.  The f low s u r g e s  through t h e  r e g u l a t o r  p o r t i o n  of t h e  v a l v e  
when p r e s s u r e  a c r o s s  t h e  v a l v e  is suddenly i n c r e a s e d  from z e r o  t o  f u l l  
supp ly .  This tu rned  o u t  t o  b e  a n  advan tage ,  however, because  t h e  flow 
s u r g e  t akes  up a major p o r t i o n  o f  t h e  mechanical  b a c k l a s h  o f  t h e  l o a d -  
i n g  sys tem when t h e  l o a d  i s  a p p l i e d ,  thus  reduc ing  t h e  de lay  between 
l o a d i n g  command and s t a r t  o f  l o a d i n g .  Upon i n i t i a t i o n  o f  unload command, 
t h i s  s u r g e  f e a t u r e  unloads  t h e  specimen a lmost  i n s t a n t a n e o u s l y ,  r egard-  
l e s s  of f low c o n t r o l  s e t t i n g .  T h i s  a l lows  optimum c o n d i t i o n s  f o r  
o b s e r v a t i o n  o f  t h e  de layed  e l a s  e i c  e f f e c t  w h i l e  r e t a i n i n g  conven ien t  
c o n t r o l  over  r e c e n t e r i n g  of t h e  mechanical  sys tem.  
3.6 ELECTRONIC READOUT 
S i g n a l  p r o c e s s i n g  f o r  t h e  ex tensomete r  d i f f e r e n t i a l  t r a n s f o r m e r s  i s  
handled by a  s o l i d - s t a t e  c a r r i e r  a m p l i f i e r ,  des igned and b u i l t  s p e c i f i c -  
a l l y  f o r  t h i s  a p p l i c a t i o n .  Vol tage g a i n  is  v a r i a b l e ,  i n  s t e p s  of 20 dB, 
from 20 t o  100 dB. The n o i s e  f i g u r e  a t  t h e  i n p u t  of t h e  p r e a m p l i f i e r  
h a s  been measured a t  3 dB. This a l lows a  c l o s e  approach t o  t h e  u s e f u l  
r e s o l u t i o n  l i m i t  o f  t h e  d i f f e r e n t i a l  t r a n s f o r m e r s  w h i l e  p r o v i d i n g  
i n d i c a t i o n  o v e r  t h e i r  f u l l  o p e r a t i n g  range.  
A bank of r e l a y s  mounted on t h e  t o p  of t h e  l o a d i n g  s t r u c t u r e  a l l o w s  
s e p a r a t e  moni to r ing  of each d i f f e r e n t i a l  t r a n s f o r m e r ,  two specimen 
bending modes, and t h e  p r i n c i p a l  s t r e s s  mode. The r e l a y s  a r e  o p e r a t e d  
by a remote s e l e c t o r  s w i t c h  l o c a t e d  o u t s i d e  t h e  e n c l o s u r e s .  
S t r a i n  gage l o a d  c e l l s  e x c i t e d  by d i r e c t  c u r r e n t  a r e  moni tored w i t h  a  
m u l t i r a n g e  v o l t m e t e r .  The o u t p u t  s i g n a l  i s  a l s o  a m p l i f i e d  and f e d  t o  
a d i g i t a l  v o l t m e t e r  and p r i n t e r .  
Upon r e l e a s e  o f  l o a d ,  t h e  d i g i t a l  v o l t m e t e r - p r i n t e r  i s  swi tched  t o  t h e  
extensometer  o u t p u t .  The v o l t m e t e r - p r i n t e r  is  t r i g g e r e d  by a  sequen- 
c e r  t o  f u r n i s h  extensometer  d e f l e c t i o n  read ings  a t  t ime i n t e r v a l s  of 
5 ,  5 0 ,  500, 5000, and 50000 seconds a f t e r  load  r e l e a s e ,  each i n t e r v a l  
l e n g t h  b e i n g  r e p e a t e d  9 t imes .  The end of measurement c y c l e  i s  pre-  
s e t t a b l e  t o  any of t h e  above t i m e s ,  s t o p p i n g  t h e  p r i n t ,  and s i g n a l i n g  
r e a d i n e s s  f o r  t h e  n e x t  l o a d  c y c l e .  
4.0 TEST SPECIMENS 
T e s t  specimens,  a s  shown i n  f i g u r e  1 2 ,  have a  conven t iona l  c y l i n d r i -  
c a l  t e s t  s e c t i o n  t e rmina ted  by l o w - s t r e s s  s h o u l d e r s  t o  which t h e  
extensometer  i s  cemented. Threaded, l a r g e  c r o s s - s e c t i o n  ends  a l l o w  
s e c u r e  g r i p p i n g  by b o t h  t o r s i o n  and tension-compress ion l o a d i n g  
mechanisms f o r  i n t e r c h a n g e a b i l i t y  on e i t h e r  sys tem.  The r a t i o  o f  
c r o s s  s e c t i o n  t o  l e n g t h  o f  t h e  t e s t  s e c t i o n  was s i z e d  t !2 column buck l ing  s t a b i l i t y  i n  compression up t o  250 MN/m (36000 p s i )  
s t r e s s  f o r  a l l  c a n d i d a t e  m a t e r i a l s  o f  t h i s  program. 
M a t e r i a l s  chosen f o r  t e s t  were a s  fo l lows :  
M a t e r i a l  No. of Specimens Specimen Numbers 
CER-VIT 1 0 1  
Premium Grade 
7971 ULE Fused S i l i c a  
Mir ro r  Blank Q u a l i t y  
7940 Fused S i l i c a  
M i r r o r  Blank Q u a l i t y  
Bery l l ium,  Fine-Grained 3 
0.2% I r o n  Al loy ,  I s o s t a t i c  
Cold Pressed  and S i n t e r e d  
T e s t  specimens were  machined from each m a t e r i a l  by t h e  r e s p e c t i v e  
m a t e r i a l  s u p p l i e r .  Upon r e c e i p t  of t h e  f i n i s h e d  specimen, i t  was 
s u b j e c t e d  t o  a h e a t  t r e a t m e n t  and a c i d  e t c h  p r i o r  t o  t e s t i n g .  
D e s c r i p t i o n s  of t h e  manufacture  and t r e a t m e n t  o f  t h e  specimens a r e  
p r e s e n t e d  i n  Appendix A. 
5 . 0  TEST PROGRAM 
5 . 1  TEST PROCEDURES 
A s  t h e  f r a g i l i t y  of t h e  specimens a l lowed,  each specimen was s u b j e c t e d  
t o  t h r e e  test s e r i e s  : compression,  t e n s i o n ,  and t o r s i o n .  Specimens 
were s t r e s s - r e l i e v e d  by a n  a p p r o p r i a t e  h e a t  t r e a t m e n t  a f t e r  each t e s t .  
P o s s i b l e  cumula t ive  e f f e c t s  of s e q u e n t i a l  t e s t i n g  were e v a l u a t e d  by 
t e s t i n g  each o f  t h e  t h r e e  i d e n t i c a l  specimens of a  g i v e n  m a t e r i a l  i n  
a  d i f f e r e n t  sequence ( t e n s i o n ,  compression,  t o r s i o n )  ( t o r s i o n ,  t e n s i o n ,  
compression) (compression,  t o r s i o n ,  t e n s i o n )  . 
For each t e s t ,  specimens were s u b j e c t e d  t o  u n i d i r e c t i o n a l  l o a d s  
(p rev ious  t o r s i o n  t e s t s  were b i d i r e c t i o n a l ) ,  i n c r e a s i n g  i n  geomet r ic  
2 p r o g r e s s i o n  t o  a  maximum s t r e s s  l e v e l  of 70 MN/m (10 k s i )  f o r  t h e  
n o n m e t a l l i c  m a t e r i a l s  and maximum y i e l d  l e v e l  of 30 m i c r o s t r a i n  f o r  t h e  
m e t a l .  A f t e r  t h e  l o a d  was removed, t h e  s t r a i n  recovery  was recorded  
b e f o r e  t h e  subsequen t  l o a d  was a p p l i e d .  The s t r e s s  l e v e l  f o r  t h e  non- 
meta l s  was chosen t o  avo id  f r a c t u r e  s o  t h a t  each specimen could  b e  
s u b j e c t e d  t o  t h e  complete sequence of t e s t s .  Dura t ion  of "hold" 
of each l o a d  was 30 seconds .  
For t e n s i o n  and compression t e s t s  t h e  l o a d i n g  s t r a i n  and ex t raneous  
l o a d i n g  magnitudes were measured w i t h  t h e  extensometer  d u r i n g  l o a d i n g  
and a f t e r  t h e  f i n a l  v i s c o e l a s t i c  decay measurement. Between each p a i r  
of l o a d  a p p l i c a t i o n s ,  t h e  specimen was complete ly  unloaded and observed 
f o r  v i s c o e l a s t i c  decay and y i e l d  s t r a i n .  The extensometer  o u t p u t  was 
a u t o m a t i c a l l y  recorded  a t  p r e s e l e c t e d  i n t e r v a l s  a s  d e s c r i b e d  i n  
S e c t i o n  3 .6  t o  y i e l d  s u f f i c i e n t  d a t a  f o r  d e t e r m i n a t i o n  of specimen 
r e t u r n  end p o i n t .  
The d e f l e c t i o n  of t h e  t o r s i o n  extensometer  under f u l l  s c a l e  l o a d i n g  
c o n d i t i o n s  exceeds  t h e  measurement range of t h e  d i f f e r e n t i a l  t r a n s -  
former s e n s o r s .  Measurement of l o a d  s t r a i n  o r  bending i n d i c a t i o n  is  
t h e r e f o r e  l i m i t e d  t o  low l o a d  r a n g e s .  
The t e s t  t empera tu re  was main ta ined  i n  a l l  t e s t s  a t  3 0 6 ' ~  w i t h  a  
p r e c i s i o n  o f  O . O l O ~  o r  b e t t e r .  A minimum soak  time of  16 hours  was 
employed a f t e r  i n s t a l l a t i o n  f o r  specimen and a p p a r a t u s  t o  reach tke rmal  
e q u i l i b r i u m .  
To reduce e x c e s s i v e  breakage of t h e  s i l i c i c  m a t e r i a l s  i n  t e n s i o n  and 
t o r s i o n  t e s t s ,  a  l i g h t  e t c h  was found necessa ry  immediately b e f o r e  
i n s t a l l a t i o n  f o r  each t e s t .  Th i s  procedure  removes s u r f a c e  a b r a s i o n s  
and microcracks  r e s u l t i n g  from h a n d l i n g  and mounting i n  h e a t  t r e a t m e n t  
f i x t u r e s .  
Before  t h e  s t a r t  of  each t e s t  r u n ,  a  30-minute d r i f t  check was made on t h e  
extensometer  i n d i c a t i o n .  I n d i c a t e d  d r i f t  a p p a r e n t l y  r e s u l t s  from 
thermal  s t r e s s e s  induced i n  t h e  assembly p r o c e s s ,  and may t a k e  from one 
h a l f  t o  3  days  t o  s e t t l e  t o  i n s i g n i f i c a n t  r a t e s .  Where t h e  t e s t  sched-  
u l e  pe rmi t s  ( a s  o v e r  a  weekend), t h e  longer  s t a b i l i z a t i o n  t ime was 
u t i l i z e d .  I n  some t e s t s  , where t h e  e x t e n s i v e  s t a b i l i z a t i o n  d e l a y  
was n o t  p r a c t i c a b l e ,  t h e  d r i f t  r a t e  was e x t r a p o l a t e d  and used t o  
compensate ensu ing  measurements. The minimum s t a b i l i z a t i o n  p e r i o d  
was k e p t  a t  1 6  h o u r s .  
A t  t h e  s t a r t  o f  each t e s t  r u n ,  t h e  l o a d  c e l l  and extensometer  readout  
c i r c u i t s  were s t a n d a r d i z e d  on a l l  r anges  by s i g n a l  i n j e c t i o n  from 
r e s i s t a n c e  s t a n d a r d s  which had been compared p r e v i o u s l y  t o  p h y s i c a l  
s t a n d a r d s  ( S e c t i o n s  3 . 3  and 3 . 4 ) .  Zero r e a d i n g s  on each range  were  
t aken  as w e l l .  The extensometer  w a s  g e n e r a l l y  b rought  t o  near -ze ro  
i n d i c a t i o n  by a d j u s t a b l e  s i g n a l  i n j e c t i o n  o r  "buckout" ahead of t h e  
p r e a m p l i f i e r ,  and t h e  adjus tment  was locked  f o r  t h e  e n t i r e  t e s t  
sequence.  
5 . 2  DATA REDUCTION 
Data from each t e s t  sequence c o n s i s t e d  of a  s e r i e s  of anno ta ted  number 
sequences  on a  p a p e r  t a p e  from t h e  p r i n t i n g  d i g i t a l  v o l t m e t e r .  These 
number sequences ,  t o g e t h e r  w i t h  a d d i t i o n a l  i n f o r m a t i o n  such  a s  m a t e r i a l  
t y p e ,  specimen number, specimen d i a m e t e r ,  and d a t e  were punched i n t o  
c a r d s  f o r  computer p r o c e s s i n g .  The program used f o r  t h i s  purpose  i s  
p r e s e n t e d  i n  Appendix B y  t o g e t h e r  w i t h  a sample o u t p u t .  For  f u r t h e r  d i s -  
c u s s i o n  o f  t h e  p rocedures  invo lved  i n  t h e  d a t a  r e d u c t i o n  p r o c e s s ,  s e e  
r e f e r e n c e  1. 
I n  t h e  f o l l o w i n g  d e s c r i p t i o n  of r e s u l t s ,  s t r e s s  i s  e x p r e s s e d  i n  m e t r i c  
u n i t s  of meganewtons p e r  square  meter  A convers ion f a c t o r  t h e  t h e  2 E n g l i s h  sys tem i s :  1 k s i  = 6.89 MN/m . 
6 . 1  MICROYIELD PROPERTIES 
Of t h e  m a t e r i a l s  t e s t e d  i n  t h i s  program, on ly  t h e  b e r y l l i u m  a l l o y  ex- 
h i b i t e d  s i g n i f i c a n t  y i e l d .  The b e r y l l i u m  t e s t  r e s u l t s  a r e  t h e r e f o r e  t h e  
l o g i c a l  cho ice  f o r  comparison o f  t o r s i o n a l  and a x i a l  y i e l d  t e s t  methods, 
and a r e  t r e a t e d  f i r s t .  
6 . 1 . 1  Bery l l ium -0.2% I r o n  
The i n i t i a l  t o r s i o n  t e s t  on t h i s  m a t e r i a l  proved i t  t o  b e  s u r p r i s i n g l y  s o £  t ,  
w i t h  an a p p a r e n t  m i c r o y i e l d  s h e a r  s t r e n g t h  l e s s  than  1 0  MN/m2.  On t h e  
sugges t ion  of D r .  John Moberly, t h e  specimen was r e t e s t e d  a f t e r  an  aging 
t r e a t m e n t  (Appendix A) ,  and showed an i n c r e a s e  of s t r e n g t h  o f  a  f a c t o r  
of 2 .  A  c o n v e n t i o n a l  l i n e a r  p l o t  of t h e s e  two t e s t s  i s  shown i n  f i g u r e  1 3 .  
Note t h a t  when r e t e s t e d  i n  t h e  same d i r e c t i o n  a s  t h e  p r e v i o u s  l o a d ,  b u t  
w i t h  l e s s e r  l o a d i n g ,  t h e  m a t e r i a l  e x h i b i t s  what is termed " s t r a i n  hardening" .  
Tha t  t h i s  i s  a p p l i c a b l e  o n l y  t o  l o a d s  i n  one d i r e c t i o n  i s  demonstra ted by 
r e v e r s i n g  t h e  l o a d ,  whereupon a  c h a r a c t e r i s t i c  s o f t e r  t h a n  t h a t  i n  t h e  
o r i g i n a l  t e s t  d i r e c t i o n  i s  no ted .  Th is  e f f e c t  is  commonly termed t h e  
Bauschinger e f f e c t ,  and i s  seldom cons idered  i n  connec t ion  w i t h  s t r a i n  
ha rden ing .  That  t h i s  i s  n o t  p e c u l i a r  t o  t o r s i o n a l  t e s t i n g  is  demonstra ted 
by t h e  curves  of f i g u r e  1 4 ,  a  and b .  F igure  14a  shows t h e  a n n e a l e d ,  
s t r a i n - h a r d e n e d ,  and Bauschinger a x i a l  c h a r a c t e r i s t i c s  f o r  a  maximum 
s t r e s s  h i s t o r y  o f  56 I4IQjm2; and f i g u r e  14b f o r  200 MN/m2. Note t h a t  t h e s e  
a r e  log- log p l o t s ,  and cover  s e v e r a l  decades of s t r a i n .  Both t h e  s t r a i n -  
hardened and Bauschinger  curves  would presumably converge on t h e  annealed 
curve  i f  taken t o  h i g h e r  s t r e s s  l e v e l s .  
I n  o r d e r  t o  compare t o r s i o n a l  y i e l d  t o  a x i a l  y i e l d  t e s t  d a t a ,  two f a c t o r s  
were a p p l i e d .  The s o l i d  rod geometry was compensated f o r  by m u l t i p l y i n g  
t h e  y i e l d  d a t a  by a  f a c t o r  d e r i v e d  from t h e  log-log s l o p e  of t h e  y i e l d  
c u r v e  ( r e f e r e n c e  1 . The t r u e  o u t e r  f i b e r  s h e a r  y i e l d  d a t a  thus  o b t a i n e d  s' wad d i v i d e d  by 3 and t h e  o u t e r  f i b e r  s h e a r  s t r e s s  m u l t i p l i e d  by a  f a c t o r  
o f  -to y i e l d  e q u i v a l e n t  a x i a l  s t r a i n  and a x i a l  s t r e s s ,  a s  d e r i v e d  by t h e  
o c t a g o n a l  s t r e s s  t h e o r y  ( r e f e r e n c e  4) . The t o r s i o n a l  d a t a  t h u s  conver ted  
a r e  p l o t t e d  w i t h  t h e  a x i a l  d a t a  i n  f i g u r e s  1 5 a ,  b ,  and c .  The d a t a  p l o t s  
w e l l  a s  a  s t r a i g h t  l i n e  accord ing  t o  Ramberg and Osgood ( r e f e r e n c e  5 )  up 
t o  a s t r a i n  l e v e l  of l o V 5 .  
As each specimen was t o  b e  s u b j e c t e d  t o  t h r e e  s u c c e s s i v e  t e s t s  i n  
d i f f e r e n t  o r d e r s ,  t h e  s t r a i n  l e v e l  i n  each of t h e  f i r s t  two t e s t s  was 
l i m i t e d  t o  l e s s  than 100 m i c r o s t r a i n ,  t o  decrease  i n f l u e n c e  on subsequent  
t e s t i n g .  The f i n a l  t e s t  was t aken  t o  t h e  l i m i t  of t h e  i n s t r u m e n t a t i o n  
c a p a b i l i t y ,  which i s  s l i g h t l y  g r e a t e r  than 1000 micros t r a i n .  
As  shown i n  f i g u r e  1 5 a ,  t h e  e f f e c t  of ag ing  i s  t o  i n c r e a s e  a l l  s t r e s s  
v a l u e s  f o r  a  g i v e n  s t r a i n  by a  f a c t o r  o f  2 .  T h i s  i s  q u i t e  d i f f e r e n t  f rom 
t h e  above-mentioned s t r a i n  h a r d e n i n g  i n  t h a t  t h e  h a r d n e s s  i n c r e a s e  i s  
n o n d i r e c t i o n a l .  The c u r v e s  f o r  t h e  a n n e a l e d  c o n d i t i o n  a p p e a r  t o  g roup  
q u i t e  w e l l ,  e x c e p t  f o r  a tendency o f  t h e  t o r s i o n a l  c u r v e s  t o  have  a d i f f -  
e r e n t  s l o p e  f rom t h e  a x i a l  a t  t h e  lower  s t r e s s  l e v e l s .  A  summary p l o t  
i s  shown i n  f i g u r e  1 6 .  
The p r e s e n t  d a t a  c o r r e l a t e s  w e l l  w i t h  p r e v i o u s l y  r e p o r t e d  work,  a s  shown 
i n  f i g u r e  17 .  D a t a  f rom t h e  p r e s e n t  work on a n n e a l e d  m a t e r i a l  o v e r l a p s  
M a r i n g e r ' s  work on low o x i d e  b e r y l l i u m  ( r e f e r e n c e  7 ) ,  and  t h e  aged  
m a t e r i a l  c o r r e s p o n d s  w e l l  w i t h  Mober ly ' s  r e s u l t s  on 1% i r o n  a l l o y  
( r e f e r e n c e  6 ) .  Agreement between t h e  e a r l i e r  worlc by t h i s  a u t h o r  on 
HPI-40 ( r e f e r e n c e  2 )  , hlar inger  on 1-400 ( r e f e r e n c e  7) and Moberly on 
i n s t r u m e n t  g r a d e  b e r y l l i u m  ( r e f e r e n c e  6 )  i s  a l s o  q u i t e  r e a s o n a b l e ,  c o n s i d e r -  
i n g  t h e  v a r i a b i l i t y  o f  m a t e r i a l s .  
6 . 1 . 2  CER-VIT 
The CER-VIT spec imens  were  t h e  f i r s t  t o  b e  r e c e i v e d ,  and c o n s e q u e n t l y  
s u f f e r e d  t h e  most  f rom t h e  p r o c e s s  of l e a r n i n g  t o  o p e r a t e  t h e  r e v i s e d  
equipment .  Specimen 101 ,  g i v e n  a  c u r s o r y  t e s t  a s  r e c e i v e d  from t h e  manu- 
f a c t u r e r ,  was b r o k e n  i n  d i s a s s e m b l y .  Specimen 102 s u f f e r e d  f rom s l i p p i n g  
g r i p s  i n  t o r s i o n ,  a  f r a c t u r e d  t h r e a d  s e c t i o n  i n  t e n s i o n ,  and a s  a r e s u l t ,  
poor  mounting a l i g n m e n t  i n  compress ion .  Specimen 103 w a s  b roken  i n  t e n s i o n ,  
t h u s  p r e c l u d i n g  compress ion  and t o r s i o n  t e s t s .  R e s u l t s  of t h e  t e s t s  a r e  
p r e s e n t e d  i n  f i g u r e  1 8  ( a  t h rough  d ) .  These  f i g u r e s  and e n s u i n g  f i g u r e s  
i n c o r p o r a t e  b o t h  p o s i t i v e  and n e g a t i v e  l o g a r i t h m i c  a b s c i s s a  t o  i n d i c a t e  
n o n r e c o v e r a b l e  s t r a i n s .  P o s i t i v e  v a l u e s  i n d i c a t e  n o n r e c o v e r a b l e  s t r a i n s  
were  i n  t h e  same d i r e c t i o n  a s  t h e  a p p l i e d  s t r e s s  and n e g a t i v e  v a l u e s  
i n d i c a t e  s t r a i n s  were  o p p o s i t e  i n  d i r e c t i o n  t o  t h e  a p p l i e d  s t r e s s .  The 
n e g a t i v e  o f f s e t s  and s c a t t e r  o f  t h e  d a t a  were  d i s c o u r a g i n g ,  c o n s i d e r i n g  
t h e  p r e c i s i o n  a t t a i n e d  i n  t h e  p r e v i o u s  program ( r e f e r e n c e  3 ) .  Even w i t h  
t h e  r educed  measurement p r e c i s i o n ,  however ,  i t  w a s  a p p a r e n t  t h a t  t h e  y i e l d  
e f f e c t s  p r e v i o u s l y  measured  ( i b i d )  were  n o t  fo r thcoming .  
D i f f e r e n c e s  i n  p r e c i s i o n  were a t t r i b u t e d  t o  t h e  change i n  end and s h o u l d e r  
geomet ry ,  l e a d i n g  t o  i n c r e a s e d  s t r e s s e s  a t  t h e  e x t e n s o m e t e r  cement l i n e ,  
c a u s i n g  y i e l d  i n  t h e  cement. T h i s  would a c c o u n t  f o r  t h e  s i z a b l e  " n e g a t i v e  
y i e l d "  e n c o u n t e r e d .  The change i n  t h e  o v e r a l l  specimen c h a r a c t e r i s t i c  
o u t s i d e  t h i s  s c a t t e r  cou ld  n o t  r e a d i l y  b e  a c c o u n t e d  f o r  i n  t h i s  f a s h i o n .  
A s  t h e  ma jo r  change  i n  t e s t  s e c t i o n  t r e a t m e n t  between t h i s  and t h e  p r e v i o u s  
program was t h e  removal  of s u r f a c e  damage by e t c h i n g ,  t h e  e t c h i n g  was 
assumed r e s p o n s i b l e  f o r  t h e  change i n  y i e l d  c h a r a c t e r i s t i c .  The c u r s o r y  
r e s u l t s  from specimen 1 0 1  ( f i g .  l e a ) ,  which was g i v e n  o n l y  a  v e r y  b r i e f  
e t c h  by t h e  m a n u f a c t u r e r ,  s t r o n g l y  s u g g e s t  t h i s .  To v e r i f y  t h i s  p o s t u l a t e ,  
Specimen 104 was r e g r o u n d ,  r e d u c i n g  t h e  t e s t  s e c t i o n  d i a m e t e r  by o n l y  
enough t o  g i v e  g r i n d i n g  wheel  c o n t a c t  o v e r  t h e  e n t i r e  t e s t  s e c t i o n .  The 
t h r e a d  r e l i e f  be tween t h e  end t h r e a d s  and t h e  e x t e n s o m e t e r  s h o u l d e r s  was 
r educed  from 1 9 . 6  t o  12 .7  m i l l i m e t e r s  t o  r e d u c e  s t r e s s e s  a t  t h e  cement 
l i n e .  As shown i n  f i g u r e  1 8 e ,  t h i s  t r e a t m e n t  y i e l d e d  r e s u l t s  s i m i l a r  t o  
t h o s e  i n  tile p r e v i o u s  t e s t  program. Re-e t ch ing  t o  remove s u r f a c e  damage 
r e s t o r e d  t h e  no-y ie ld  c h a r a c t e r i s t i c  a s  shown i n  t h e  same i l l u s t r a t i o n .  
6 . 1 . 3  ULE S i l i c a  
The ULE ( t i t a n i u m  doped) s i l i c a  specimen t e s t i n g  was marred on ly  by t h e  
l o s s  of specimens by f r a c t u r e  i n  t e s t .  Here a g a i n ,  a s  shown i n  f i g u r e  
19 ( a  through c ) ,  were found t h e  "nega t ive  y i e l d "  v a l u e s ,  t h e  r e l a t i v e l y  
l a r g e  d a t a  s c a t t e r ,  and t h e  obvious  l a c k  o f  c o r r e l a t i o n  w i t h  t h e  p r e -  
v i o u s  work of r e f e r e n c e  1. Specimen 114, which had n o t  been r e c e i v e d  u n t i l  
a l l  o t h e r s  had been t e s t e d ,  was reground i n  t h e  same manner a s  104 
(Sec t ion  6 . 1 . 2 )  and r e t e s t e d .  R e s u l t s  of t h e s e  t e s t s  a r e  shown i n  
f i g u r e  19d. Regr inding of t h e  test s e c t i o n  w i t h o u t  subsequent  a n n e a l  
o r  e t c h  produces  l a r g e  o f f s e t ,  o r  apparen t  "y ie ld" .  
6 . 1 . 4  Fused S i l i c a  
The fused  s i l i c a  t e s t s  were s i m i l a r  t o  t h e  o t h e r  s i l i c i c  m a t e r i a l s  i n  
t h a t  no c o n s i s t e n t  non-recoverable  s t r a i n  ( y i e l d )  c h a r a c t e r i s t i c  was 
found.  Measurement d a t a  s c a t t e r  was a l s o  comparable.  F i g u r e  20 
(a  through c )  d i s p l a y s  t h e  r e s u l t s .  
An a d d i t i o n a l  t e s t  i n  t o r s i o n  was run on Specimen 122 t o  compare t h e  
performance o f  t h e  cement (dop wax) used i n  t h e  p r e v i o u s  program 
( r e f e r e n c e  1 )  w i t h  t h a t  used i n  t h i s  program. The r e s u l t s ,  a s  shown i n  
f i g u r e  20b, i n d i c a t e  t h e  dop wax t o  be  weaker and more s u s c e p t i b l e  t o  
s t r e s s  g r a d i e n t s  i n  t h e  specimen extensometer  s h o u l d e r ,  b u t  o t h e r w i s e  
no s i g n i f i c a n t  d i f f e r e n c e s  i n  performance were found. 
The f i r s t  t h r e e  specimens each completed a l l  t h r e e  t e s t s  ( t e n s i o n ,  com- 
p r e s s i o n  and t o r s i o n ) .  Specimen 124 t h e r e f o r e  was n o t  needed i n  t h e  
o r i g i n a l l y  schedu led  test program, and was a v a i l a b l e  f o r  a d d i t i o n a l  t e s t s .  
A  t o r s i o n  t e s t  of specimen 124 i n  t h e  as - rece ived  c o n d i t i o n  y i e l d e d  essen-  
t i a l l y  t h e  same r e s u l t s  a s  t h e  e t c h e d  c o n d i t i o n ,  a s  shown i n  f i g u r e  20d. 
A f t e r  t h e  t e s t  s e c t i o n  was reground,  t h e  c o n s i s t e n t  y i e l d  c h a r a c t e r i s t i c  
appeared and was a g a i n  removed by e t c h i n g .  F igure  20d shows t h e s e  
r e s u l t s .  
E v a l u a t i o n  of t h e  time-dependent s t r a i n  c h a r a c t e r i s t i c  of a  m a t e r i a l  i s  
v e r y  impor tan t  t o  t h e  measurement of non-recoverable  ( y i e l d )  s t r a i n  i n  
t h e  s u b m i c r o s t r a i n  r e g i o n ,  a s  q u i t e  o f t e n  t h e  y i e l d  s t r a i n  can be 
determined o n l y  by e x t r a p o l a t i o n  of t h e  v i s c o e l a s t i c  ( t ime  dependent)  
s t r a i n  curve .  I n  t h e  work of r e f e r e n c e  1 ,  t h e  time-dependent s t r a i n  
was found t o  p l o t  a s  a  s t r a i g h t  l i n e  v e r s u s  t ime on log- log paper .  
T h i s  conforms w i t h  a  g e n e r a l  m a t e r i a l s  b e h a v i o r a l  c h a r a c t e r i s t i c  des- 
c r i b e d  by N u t t i n g  i n  1921 ( r e f e r e n c e  8 ) .  Th is  c h a r a c t e r i s t i c  was 
employed i n  t h e  d a t a  r e d u c t i o n  computer program a s  p r e s e n t e d  i n  Appen- 
d i x  B.  The computer program was developed from t h e  one p r e s e n t e d  i n  
r e f e r e n c e  1 t o  p rov ide  e x t r a p o l a t i o n  of time-dependcent s t r a i n  t o  i t s  
end p o i n t .  The d a t a  r e d u c t i o n  and e x t r a p o l a t i o n  p r o c e s s  a l s o  makes t h e  
t ime dependent  s t r a i n  a v a i l a b l e  s e p a r a t e  from t h e  non- recoverab le ,  
o r  y i e l d  s t r a i n .  The c h a r a c t e r i s  t i c s  t h u s  d e r i v e d  a r e  p r e s e n t e d  
i n  t h e  f o l l o w i n g  s u b s e c t i o n s  i n  o r d e r  of  specimen t e s t i n g .  
6 . 2 . 1  CER-VIT 
The s t r a i g h t  l i n e  log- log  c h a r a c t e r i s t i c  was found t o  f i t  t h e  CER-VIT 
performance q u i t e  w e l l  w i t h  very  few s u r p r i s e s ,  a s  shown i n  f i g u r e  21.  
The major  d i f f e r e n c e  between t h i s  work and t h a t  of  r e f e r e n c e  1 i s  
t h e  change i n  s l o p e  from minus one-hal f  t o  minus one f o r  t h e  e t c h e d  
specimens .  Tha t  t h e  d i f f e r e n c e  i s  a t t r i b u t a b l e  t o  removal o f  s u r f a c e  
g r i n d i n g  damage i s  shown by comparison of f i g u r e  21 ( a  through c )  w i t h  
f i g u r e  21d. 
The v i s c o e l a s t i c ,  o r  t ime-dependent s t r a i n  magnitude i s  s e e n  t o  be  d i r e c t -  
l y  p r o p o r t i o n a l  t o  s t r e s s  i n  bo th  t o r s i o n a l  and a x i a l  modes. Although 
t h e  p r o p o r t i o n a l i t y  c o n s t a n t s  f o r  t e n s i o n  and compression a r e  e ssen-  
t i a l l y  i d e n t i c a l ,  t h a t  f o r  t o r s i o n  i s  a lmos t  an o r d e r  of  magnitude 
g r e a t e r .  
6 .2 .2  Fused S i l i c a  and ULE Fused S i l i c a  
E x t r a p o l a t i o n  of  t h e  s t r a i g h t - l i n e  c h a r a c t e r i s t i c  of t ime and v i sco-  
e l a s t i c  ( t ime-dependent)  s t r a i n  i n  log- log  s p a c e  t o  i n f i n i t e s i m a l  
v a l u e s  of t i m e  would i n d i c a t e  t h a t  time-dependent s t r a i n  i n c r e a s e s  wi th -  
o u t  l i m i t  a t  t ime z e r o .  I t  i s  obv ious  t h a t  t h i s  cannot b e  s o ,  and t h e  
s t r a i g h t - l i n e  c h a r a c t e r i s t i c  does n o t  h o l d  a t  s m a l l  v a l u e s  o f  t ime.  
The performance of  t h e  e t c h e d  s i l i c a  specimens ,  a s  shown i n  f i g u r e  22,  b e a r  
o u t  t h i s  c o n c l u s i o n .  The s t r a i n  appears  t o  va ry  a lmost  l i n e a r l y  w i t h  
t ime up t o  approx imate ly  1 minute a f t e r  l o a d  r e l e a s e ,  and t h e r e a f t e r  
a s  t h e  r e c i p r o c a l  o f  a  power of t i m e ,  which produces t h e  l i n e a r  log- log  
c h a r a c t e r i s  t i c s .  Th i s  b e h a v i o r  i n t r o d u c e d  d i f f i c u l t i e s  i n t o  t h e  com- 
p u t e r  r e d u c t i o n  o f  y i e l d  d a t a ,  a s  shown i n  f i g u r e  22a. I n  r educ ing  t h e  
average  c u r v a t u r e  o f  t h e  p l o t t e d  d a t a  t o  n e a r  z e r o ,  p o s i t i v e  c u r v a t u r e  
a t  l a r g e  v a l u e s  of  t ime  was i n t r o d u c e d  t o  compensate f o r  t h e  n e g a t i v e  
v a l u e s  o f  c u r v a t u r e  a t  s m a l l  v a l u e s  of  t ime .  T h i s  l e d  t o  e r r o r s  i n  t h e  
e x t r a p o l a t e d  non-recoverable  ( y i e l d )  v a l u e s  r e l a t e d  i n  S e c t i o n  6 . 1 .  The 
e r r o r s  were i n  g e n e r a l  n o t  g r e a t e r  than  30% o f  t h e  r e p o r t e d  v a l u e s ,  
however, and do n o t  change t h e  appearance  of  t h e  p l o t s  s i g n i f i c a n t l y .  
F u r t h e r  manual r e d u c t i o n  of  t h e  d a t a  produced t h e  r e v i s e d  curve  o f  
f i g u r e  22a. 
The c h a r a c t e r i s t i c s  of  t h e  fused  s i l i c a  (Corning 7940) and ULE f u s e d  
s i l i c a  (Corning 7971) were ve ry  s i m i l a r  i n  t o r s i o n ,  a s  may be  s e e n  
by comparing b  and c  i n  f i g u r e  22. Compared w i t h  t h e  CER-VIT t o r s i o n  
c h a r a c t e r i s t i c ,  they  a r e  of  lower  magnitude by a  f a c t o r  of  8 f o r  e q u a l  
s t r e s s  l o a d i n g .  
The t e n s i o n  and compression v i s c o e l a s t i c  ( t ime-dependent)  s t r a i n  charac-  
t e r i s t i c s  were d i f f i c u l t  t o  e v a l u a t e ,  owing t o  t h e  low s t r a i n  v a l u e s  
and t h e  h i g h e r  e f f e c t i v e  n o i s e  l e v e l  of t h e  a x i a l  t e s t  equipment.  
Tension l o a d s  were l i m i t e d  by i n c i p i e n t  f r a c t u r e  problems,  and i n  g e n e r a l  
were i n s u f f i c i e n t  t o  a l low r e a s o n a b l e  e x t r a p o l a t i o n .  Compression t e s t s  
on Specimens 113 and 121 y i e l d e d  d a t a  a s  p l o t t e d  i n  d  and e ,  f i g u r e  2 2 .  
Although t h e  d a t a  from Specimen 113 was r a t h e r  n o i s y ,  i t  appeared t o  
d u p l i c a t e  t h e  i n i t i a l  c u r v a t u r e  of t h e  t o r s i o n  t e s t s .  Specimen 121, which 
was taken much h i g h e r  i n  l o a d i n g  on i t s  f i n a l  (compression) t e s t ,  had 
much l e s s  apparen t  c u r v a t u r e ,  and l e s s e r  f i n a l  s l o p e ,  w i t h  t h e  e x c e p t i o n  
of i t s  maximum l o a d .  Although t h e  a x i a l  s l o p e  and c u r v a t u r e  c h a r a c t e r -  
i s t i c s  appear  somewhat i n c o n s i s t e n t ,  t h e  1-minute t ime v a l u e s  o f  s t r a i n  
a g r e e  q u i t e  w e l l  w i t h  those  o f  t h e  t o r s i o n  c h a r a c t e r i s t i c s .  
Regr inding t h e  specimen w i t h o u t  e t c h  o r  a n n e a l  produces  t h e  t o r s i o n a l  
r e s u l t s  shown i n  f  and g ,  f i g u r e  22.  The magnitude o f  v i s c o e l a s t i c  
( t ime-dependent)  s t r a i n  i s  g r o s s l y  i n c r e a s e d ,  and t h e  s l o p e  of t h e  l i n e  
decreased .  The i n c r e a s e  e f f e c t i v e l y  masks t h e  c u r v a t u r e  c h a r a c t e r i s t i c  
shown by t h e  e t c h e d  m a t e r i a l .  The topmost curve o f  22g h a s  a  s h a r p  
drop a t  t h e  e n d ,  which i s  t y p i c a l l y  i n d i c a t i v e  of a  s m a l l  u n c o r r e c t e d  
mechanical  d r i f t  component. 
6 .2 .3  Bery l l ium 
Measurement o f  t h e  b e r y l l i u m  time-dependent s t r a i n  c h a r a c t e r i s t i c  was 
complicated n o t  s o  much by t h e  a b s o l u t e  magnitude invo lved ,  a s  by t h e  
r a t i o  of v i s c o e l a s t i c  ( t ime-dependent)  t o  non-recoverable  ( y i e l d )  s t r a i n  
v a l u e s .  I n  g e n e r a l  t h e  y i e l d  s t r a i n  exceeded t h e  time-dependent s t r a i n  
by a  f a c t o r  of 10 a t  t h e  minimum, and i n  most i n s t a n c e s  by a  f a c t o r  
of a  few hundred.  The time-dependent s t r a i n  t h e r e f o r e  appeared i n s i g -  
n i f i c a n t  and was n o t  al lowed t o  run  t o  v e r y  long  t ime i n t e r v a l s .  The 
a v a i l a b l e  d a t a  a r e  p l o t t e d  i n  f i g u r e  23. A s  opposed t o  t h e  s i l i c i c  
m a t e r i a l s ,  t h e  time-dependent s t r a i n  i n  b e r y l l i u m  is n o t  l i n e a r l y  pro- 
p o r t i o n a l  t o  s t r e s s ,  b u t  r e l a t e s  a s  some h i g h e r  power. The t o r s i o n a l  
and a x i a l  v a l u e s  compare f a v o r a b l y .  
Figuse  23d shows t h e  decay from t h e  f i n a l  l o a d i n g  on Specimen 133, a l lowed  
t o  run o v e r  a  week-end. Note t h a t  t h i s  i s  a  semi log  p l o t .  Th i s  p l o t  
was o b t a i n e d  a f t e r  t h e  specimen had been s t r a i n e d  i n  t e n s i o n  t o  a  y i e l d  
of g r e a t e r  t h a n  1000 m i c r o s t r a i n  and then y i e l d e d  i n  compression back  
t o  n e a r  i t s  o r i g i n a l  l e n g t h .  A s  t h e  p l o t  shows no evidence of c u r v a t u r e  
a t  the  long-time end ,  i t  i s  inadequa te  f o r  p r e d i c t i o n  o f  end p o i n t ,  o r  
t r u e  y i e l d .  Ex tens ion  t o  s e v e r a l  weeks o r  months t ime i n t e r v a l  would b e  
r e q u i r e d  t o  a c q u i r e  adequate  d a t a  f o r  t h i s .  
LOADING SYSTEM EXTRANEOUS MOTIONS 
Although t h e  extensometers  i n  t h i s  program were des igned f o r  optimum 
s e n s i t i v i t y  and s t a b i l i t y  of measurement a long  t h e  p r i n c i p a l  l o a d i n g  
d i r e c t i o n ,  they  were i n h e r e n t l y  capab le  of r e a d i n g  motions normal to  t h e  
p r i n c i p a l  a x i s  a s  w e l l .  A t  each l o a d  p o i n t ,  t h e  p r i n c i p a l  deformat ion 
as  w e l l  a s  t h e  ex t raneous  motions was measured. The ex t raneous  mot ions  
were t h e n  i n t e r p r e t e d  a s  maximum o u t e r  f i b e r  bending s t r a i n .  T y p i c a l  
measurements a r e  p l o t t e d  i n  f i g u r e  24. 
The ex t raneous  l o a d i n g  motions i n  t o r s i o n  a r e  1 e s s  than  i n  a x i a l  t e s t i n g ,  
a s  expec ted  from t h e  b a s i c  d e s i g n  geometry.  A l l  t h r e e  t e s t  methods b e g i n  
t o  show s a t u r a t i o n  of t h e  p r e a m p l i f i e r  above 1000 m i c r o s t r a i n ,  and i t  i s  
t h i s  which c o n s t i t u t e s  t h e  upper l i m i t  o f  measurenient a t  p r e s e n t .  The 
t e n s i o n  test sequence shows g r e a t e r  bending l o a d s  than  t h e  compression.  
I n  compression t e s t i n g ,  b o t h  b a l l  j o i n t s  a r e  r e s e a t e d  a t  each l o a d ,  
whereas i n  t e n s i o n  t e s t i n g ,  t h e  upper b a l l  i s  n o t  r e s e a t e d .  A s m a l l  
a n g u l a r  o f f s e t  o f  t h e  upper b e a r i n g  may thus  b e  h e l d  a g a i n s t  t h e  t e n s i o n  
alignment couple  and cause  minor bending s t r e s s e s  i n  t h e  specimen. L i f t -  
i n g  t h e  upper b a l l  o f f  i t s  s e a t  i n  compression a t  t h e  s t a r t  o f  t e n s i o n  
t e s t  sequence w i l l  reduce t h i s  e f f e c t  b u t  n o t  e l i m i n a t e  i t .  
7.0 DISCUSSION 
7 . 1  BERYLLIUM 
The c h o i c e  of t h e  0.2% i r o n  a l l o y  of b e r y l l i u m  f o r  t e s t i n g  i n  t h i s  program 
was made a f t e r  c o n s i d e r a b l e  d i s c u s s i o n  w i t h  f a b r i c a t o r s  of b e r y l l i u m  
m i r r o r s .  The p r i n c i p a l  c o n s i d e r a t i o n  was w i t h  t h e  b a s i c  m a t e r i a l  
manufac tu r ing  p r o c e s s  ( i s o s t a t i c  p r e s s i n g ) .  A secondary c o n s i d e r a t i o n  was 
t h e  u s e  of a l l o y i n g  e lements  f o r  s t r e n g t h e n i n g .  
The t e s t  of t h e  annea led  a l l o y  show i t  t o  b e  q u i t e  s o f t ,  w i t h  charac -  
t e r i s t i c s  n e a r  t h e  lower l i m i t  of b e r y l l i u m  r e s u l t s  produced by o t h e r  
i n v e s t i g a t o r s ,  Although p r e s t r a i n i n g  t h e  m a t e r i a l  i n c r e a s e s  i t s  ha rd-  
n e s s  c o n s i d e r a b l y  i n  t h e  p r e s t r a i n e d  d i r e c t i o n ,  t h e  a p p l i c a t i o n  of  such  
a  p r o c e s s  t o  i n i r r o r  usage a p p e a r s  q u e s t i o n a b l e ,  a s  t h i s  " s o f t e n s "  t h e  
m a t e r i a l  f o r  s t r e s s e s  i n  t h e  o p p o s i t e  d i r e c t i o n .  A p o s t u l a t e d  mechanism 
f o r  t h i s  b e h a v i o r  i s  t h e  m i g r a t i o n  of d i s l o c a t i o n s  by t h e  a p p l i e d  s t r e s s  
f i e l d  t o  c r y s t a l  boundar ies  where they  a r e  p reven ted  from f u r t h e r  mot ion.  
Subsequent l e s s e r  s t r e s s  f i e l d s  of t h e  same s i g n  do n o t  have t h e  d e f e c t s  
a v a i l a b l e  f o r  p r o p a g a t i o n .  I n c r e a s i n g  t h e  s t r e s s  f i e l d  b r i n g s  h i g h e r  
energy  l a t t i c e  d e f e c t s  i n t o  p l a y ,  w i t h  a  r e s u l t i n g  n e t  motion t h a t  i s  a  
f u n c t i o n  of t h e  energy d i s t r i b u t i o n  of t h e s e  d e f e c t s .  R e v e r s a l  of  t h e  
s t r e s s  f i e l d  a l lows  t h e  low-energy d e f e c t s  t o  p ropaga te  away from t h e  
boundary,  g i v i n g  t h e  i n d i c a t i o n  of a  " s o f t "  m a t e r i a l  aga in .  
A s  t h e  m a t e r i a l  was s o f t e r  than  e x p e c t e d ,  an  a g i n g  t r e a t m e n t  (Appendix A) 
was s u g g e s t e d  by D r .  Moberly, t o  p r e c i p i t a t e  and immobilize low-energy 
l a t t i c e  d e f e c t s ,  Th i s  was proven t o  be  b e n e f i c i a l  f o r  i n c r e a s i n g  hard-  
n e s s ,  b r i n g i n g  t h e  y i e l d  c h a r a c t e r i s t i c s  v e r y  c l o s e  t o  t h o s e  measured 
by MoLerly ( r e f e r e n c e  6 )  f o r  t h e  1% i r o n  a l l o y .  
C o r r e l a t i o n  between t e n s i o n  and compression r e s u l t s  appears  q u i t e  good, 
showing e s s e n t i a l l y  no e f f e c t  of t h e  o r d e r  of  t e s t i n g ,  The t o r s i o n  t e s t s  
made t h e  m a t e r i a l  appear  s l i g h t l y  h a r d e r  a t  low s t r e s s  l e v e l s  when com- 
pa red  t o  bhe a x i a l  t e s t s .  T h i s  was accompanied by a  dec ided  change i n  
s l o p e  of t h e  Kamberg-Osgood c h a r a c t e r i s t i c  n e a r  15 M N / ~ ~  e q u i v a l e n t  a x i a l  
s t r e s s .  Above I S  M N / m 2 ,  bo th  t h e  t o r s i o n a l  and a x i a l  cu rves  a r e  e s s e n t i a l l y  
t h e  same, c o n t i n u i n g  on up t o  t h e  l i m i t s  of t h e  t e s t  equipment.  A p r o b a b l e  
cause  f o r  t h e  d e p a r t u r e  of t h e  t o r s i o n a l  d a t a  a t  low l e v e l s  i s  s u r f a c e  oxida-  
t i o n  duri-rig m n e a l ,  e f f e c t i v e l y  s t r e n g t h e n i n g  t h e  s u r f a c e  w i t h  r e s p e c t  t o  
t h e  b o d y  m a t e r i a l .  T h i s  would a f f e c t  t h e  t o r s i o n a l  t e s t s  much more t h a n  
t h e  a x i a l  Lest, and could  produce t h e  d i f f e r e n c e s  d i s p l a y e d .  
The t o r s i o n a l  a n d  a x i a l  t e s t  methods c o r r e l a t e  ve ry  c l o s e l y ,  v a l i d a t i n g  
t h e  r o n r r e r s i c ~ n  of d a t a  from one systelii t o  t h e  o t h e r ,  excep t  where s u r f a c e  
e f f e c t s  d i f f e r  s t r o n g l y  from t h o s e  of t h e  body m a t e r i a l .  F u r t h e r  s u p p o r t  
f o r  t h i s  posi 1::oii i s  l e n t  by t h e  e x c e l l e n t  c o r r e l a t i o n  between t o r s i o n a l  
and a x i a l  Ljmc-dependent c h a r a c t e r i s  t i c s  of t h e  b e r y l l i u m  specimens .  
hliiidtig11 l ~ i i l s  'bery l1  ii!l-n .LI 1 0 ~ 7  ;pp a r s  qul r ;e  sof r -  i l l  ~ l l e  dninedied c c ~ l l -  
d i t l o n ,  i t  i s  amenable LO c ige- l id~d6ning  t o  a n  a p p r e c i a b l e  e x t e n t .  I t  
[la, n o t  b e e n  e s t a b l i s h e d  t r h e t h e r  t11i.s i s  t h e  maximum h d r d e n i n g  c a p a b i l i t y  
o f  t h e  n i d r  er i d 1  a l t i iougl i  I i l e  sptciilic?u s u p p l i e r  t e n d s  t o  d e p r e c d t e  a p p ~ c -  
21 a b l e  fur t i l e r  h a r d e n a b i l i t y  . 
The t i m e  "dependent  s t r a i n  r i 1 , ~ r a c t e r i s t i c s  a r e  q u i t e  s m a l l  compared t o  
t l ~ e  y i e l d  v a l u e s ,  t h u s  rmp l l a s i z ing  ehe s t a b i l i t y  o f  t h e  m a t e r i a l ,  O t h e r  
a l l o y s  such  a s  t h e  5% c o p p e r  a l l o y  a p p e a r  s u p e r i o r  t o  t h e  one  t e s t e d  
h e ~ e  a ~ ~ d  remain  r;o b e  LhnrllL~gk!ly i n v e s t i g a t e d .  
Ti le  long-te~:in p l o t  of t i i ~ l e  d e p e n d e n t  s t r a i n  :in f i g u r e  23d does  n o t  a p p e a r  
t o  have $real_ s i g n i f i c a n c e  t r o  t h e  u s e  o f  beryl.l%trni f o r  m i r r o r  a p p l i c a t i o n s ,  
e x c e p t  for. t h e  i n d i c a t i o n  t h a t  t h e  m a t e r i a l  shou l  d be t h o r o u g h l y  a n n e a l e d  
a f t e r  mach in ing  t o  remove t h e  a l m o s t  i n t e r m i n a b l e  c r e e p  engende red  b y  l a r g e  
p l a s t i c  s t r a i n s .  The p l o t  p o i n t s  up some o f  t h e  c a p a b i l i t y  and - v e r s a t i l i t y  
o f  t h e  t e s t i n g  f a c i l i t y ,  a s  w e l l .  a s  emphas i z ing  t h e  l o g a r i t h m i c  time 
b e h a . i ~ i u r  o f  m a t e r i a l s  i n  t h e  m i c r o s t r a i n  r e g i o n ,  A l so  o f  n o t e  i s  t h e  
co l i~par i sor l  o f  t h e  curv-es  i n  f i g u r e  L 7 9  whe re in  t h e  d a t a  f rom t h e  p r e s e n t  
f a c i i  i t y  c o v e r  more o r d e r s  o f  magn i tude  o f  s t r e s s  and s t r a i n  t h a n  any  
o  tlieu' r e p r e s e n t e d ,  
The m a j o r  d i f f e r e n c e s  i n  t o r s i o n  be tween t h e  c h a r a c t e r i s t i c s  o f  t h e  t e s t  
spec imens  a s  ground and a f t e r  e t c h i n g  emphas ize  t h e  i m p o r t a n c e  o f  s u r -  
fa(::- t r e a t ~ ~ l e n t  t o  scabi!..i.t.jl, i'iie b a s i c  m a [ - e r i ~ a l  .is a p p a r e n t l y  w i t h o u t  
apprec iab1 .e  y i e l d  f o r  s h o r t - t e r m  l o a d i r t g ,  a l - though i t  d o e s  e x h i b i t  a 
r e l a t i v e l y  l a r g e  v i s c o e l a s  t i . c ,  o r  t ime--dependent  s t r a i n  i n  p r o p o r t i o n  
t o  s t ress .  Al though  t h e  removal  o f  0 , l  mm o f  s u r f a c e  by  e t c h i n g  com- 
p l e t e l y  s u p p r e s s e s  t h e  e f f e c t s  o f  g r i n d i n g ,  t h e  l i g h t  e t c h  employed by 
t h e  speci incu s u p p l i e r  t o  remove 0 , 0 2 5  r i ~ ~ i i  i s  i n a d s q u a t e  f o r  t h i s  p u r p o s e .  
'The l a r g e  r a t i o  be tween t h e  magn i tude  of  t ime--dependent  s t r a i n  i n  
t o r s i o n  t o  t h a t  i n  axia:L test:i.ng would i - n d i c a t e  t h a t  t h i s  c h a r a c t e r i s t i c  
i s  p r i m a i - i y  a  s u r f a c e  e f f e c t ,  With s u r f a c e  m e c h a n i c a l  damage removed by 
e t c h i i ~ g ,  some o t h e r  niecilanism must  b e  p o s t u l a t e d .  
The y i e l d  measurements  f o r  f u l l y  e t c h e d  spec imens  i n  t o r s i o n  i n d i c a t e  a  
s c a t t e r  o f  approxirnat.el-y + 0 , 0 0 3  m i c r o s  t r a i n ,  p r e d o m i n a n t l y  a t  t h e  h i g h e r  
stress 1eve l . s .  T h i s  comp.;res r e a s o n a b l y  w e l l  t o  t h e  g o a l  o f  - 1- 0 .001  
rn i c r0s t r a i . n  s e t  a t  t h e  s t a r t  o f  tliis program f o r  t h i s  spec imen geome t ry ,  
The v i s  c o e l a s t i c ,  o r  ti .me-dependent s t r a i n  c h a r a c t e r i s t i c s  i n d i c a t e  an 
un loaded  s t a b i l i t y  o f  t h e  o r d e r  o f  - + 0 . 0 0 0 3  m i c r o s t r a i n .  The t h e r m a l  
c o r l t r o l  and out.put--5rid-icat.ling equipment  a r e  t h u s  stioisrn t o  have  t h e  
r e q u l s i t : ~  s ~ a b i l i  t y . '7'11r r e m n i  r i i ~ i g  problem of  extensorne t e r  a t  t achr i~ent  
was a l l e v l . a t e d  by a change i.n spec imen geon-hetry, a s  shown by t h e  f i n a l  
c u r v e s  on  Specimen 1 0 4 ,  
The  a x i a l  y i e l d  t e s t s  showed c o n s i d e r a b l y  l ower  p r e c i s i o n ,  w i t h  an 
i lnceri-ai .nty a p p r o a c h i n g  -k 0 , 1  m i c r u s t r a i n .  T h a t  t h i s  a g a i n  is  a  probl-em o f  
specimen geometry as  i t  a f f e c t s  ex tensomete r  a t tachment  i s  a p p a r e n t  
upon examinat ion of t h e  a x i a l  time-dependent s t r a i n  c h a r a c t e r i s t i c s .  
Here t h e  p r e c i s i o n  i s  approximately  - + 0.002 m i c r o s t r a i n .  
The p r o c e s s  o f  de te rmin ing  y i e l d  o f  t h i s  m a t e r i a l  i n  t h e  n a n o s t r a i n  
r e g i o n  i n v o l v e s  extended p e r i o d s  o f  da ta - t ak ing  t o  g a t h e r  adequa te  i n f o r -  
mat ion f o r  e x t r a p o l a t i o n  of t h e  time-dependent s t r a i n .  Small  amounts 
of d r i f t  o f  t h e  specimen o r  equipment w i l l  d i s t o r t  t h e  e x t r a p o l a t i o n s ,  
a l t e r i n g  t h e  apparen t  y i e l d  v a l u e s .  The 16-hour minimum s e t t l i n g  p e r i o d  
u t i l i z e d  d u r i n g  t h e  major p o r t i o n  o f  t h i s  program has  i n  s e v e r a l  c a s e s  
proved i n a d e q u a t e  f o r  r e d u c t i o n  o f  i n s t a l l a t i o n  d r i f t  t o  i n s i g n i f i c a n t  
v a l u e s .  Th i s  i n s t a l l a t i o n  d r i f t  i s  most l i k e l y  a t t r i b u t a b l e  t o  g r a d u a l  
r e l i e f  o f  s t r e s s e s  i n  t h e  ex tensomete r  cement l i n e .  A 40-hour s e t t l i n g  
p e r i o d  h a s  been  found more n e a r l y  adequa te  f o r  t h i s  purpose .  
7 . 3  FUSED SILICA AND ULE FUSED SILICA 
With t h e  s i l i c a  specimens,  a s  w i t h  t h e  CER-VIT, a major d i f f e r e n c e  i n  
performance i s  apparen t  between t h e  as-ground and t h e  e t c h e d  c o n d i t i o n s .  
The e t c h e d  m a t e r i a l  h a s  no c o n s i s t e n t  y i e l d  c h a r a c t e r i s t i c s ,  whereas  t h e  
as-ground m a t e r i a l  i n  t o r s i o n  c o n s i s t e n t l y  i n d i c a t e s  an apparen t  y i e l d .  
The v a l u e s  o b t a i n e d  f o r  t h e  a p p a r e n t  y i e l d  o f  as-ground specimens i n  
t o r s i o n  c o r r e l a t e  w e l l  w i t h  t h o s e  o b t a i n e d  i n  the  p rev ious  program 
( r e f e r e n c e  1 )  c o n s i d e r i n g  t h e  d i f f e r e n c e  i n  specimens d iamete r s .  The 
v i s c o e l a s t i c  o r  time-dependent s t r a i n  a l s o  shows major d i f f e r e n c e  be- 
tween t h e  e t c h e d  and as-ground c o n d i t i o n s ,  w i t h  major changes i n  s l o p e  
and magnitude.  The as-ground time-dependent s t r a i n  c h a r a c t e r i s t i c s  cor -  
r e l a t e  q u i t e  w e l l  w i t h  those  p r e v i o u s l y  measured ( r e f e r e n c e  1 ) .  
The agreement between t h e  s h e a r  and a x i a l  v i s c o e l a s t i c  ( t ime-dependent)  
s t r a i n  c h a r a c t e r i s t i c s ,  a l though  somewhat rough, i n d i c a t e s  t h e  e f f e c t  
t o  b e  a body e f f e c t  a s  opposed t o  a s u r f a c e  e f f e c t .  I t  a l s o  n e g a t e s  
t h e  argument t h a t  t h i s  cou ld  be  a t t r i b u t e d  t o  t h e  dampers on t h e  t o r s i o n  
system. The a x i a l  sys tem h a s  no a p p r e c i a b l e  damping e x t e r n a l  t o  t h e  
specimen. 
The u n c e r t a i n t y  band i n  t h e  s i l i c a  y i e l d  measurements is ,  a s  w i t h  t h e  
CER-VIT, much g r e a t e r  than i n  t h e  time-dependent s t r a i n  measurements. 
T h i s  a g a i n  p o i n t s  t o  specimen geometry and extensometer  a t t achment  
problems,  which were a l l e v i a t e d  i n  t h e  f i n a l  t e s t s .  
Time-dependent s t r a i n ,  o r  de layed  e l a s t i c  ( v i s c o e l a s t i c )  e f f e c t s  i n  
g l a s s e s  have been s t u d i e d  by s e v e r a l  i n v e s t i g a t o r s  ( r e f e r e n c e s  9 ,  1 0 ,  and 1 1 ) .  
Most o f  t h i s  work has been q u a l i t a t i v e  and a s s o c i a t e d  w i t h  l o n g  term 
l o a d i n g ,  c r e e p ,  o r  thermal  e f f e c t s .  Murgatroyd and Sykes a t t e m p t  t o  
f i t  t h e  N u t t i n g  r e l a t i o n s h i p  t o  t h e i r  d a t a  on s i l i c a ,  b u t  f i n d  t h e  
e x t r a p o l a t e d  y i e l d  p o i n t  t o  be  u n r e a l i s t i c a l l y  n e g a t i v e  and t h u s  t end  t o  
d i s c a r d  t h e  r e l a t i o n s h i p .  A s  p l o t t e d ,  t h e  s l o p e  of t h e i r  s i l i c a  N u t t i n g  
c u r v e  is  l e s s  than 0 . 1 ,  a s  opposed t o  a near -un i ty  s l o p e  f o r  most o f  t h e  
s i l i c a  d a t a  of t h i s  r e p o r t .  Th i s  d i f f e r e n c e  may be  a f u n c t i o n  of t h e  load- 
i n g  p e r i o d ,  which i n  t h e i r  c a s e  was "prolonged. " 
Argon ( r e f e r e n c e  9 )  d e v e l o p s  a n  e n e r g y  s p e c t r u m  f o r  a v a i l a b l e  mot ion  
c e n t e r s  i n  g l a s s  by t h e r m a l  r e l a x a t i o n  methods .  By s imi la r  t e c h n i q u e s ,  
e n e r g y  s p e c t r a  may b e  d e v e l o p e d  from an  e x a c t  knowledge o f  t h e  s h a p e  of  
t h e  t ime-dependent  o r  d e l a y e d  e l a s t i c  s t r a i n  c u r v e  a t  a  s i n g l e  tempera-  
t u r e .  No a t t e m p t  h a s  b e e n  made h e r e  t o  deve lop  s u c h  d a t a .  
The a p p a r e n t  y i e l d  i n  t o r s i o n a l  measurements ,  which h a s  been  shown t o  
b e  a s u r f a c e  e f f e c t  from g r i n d i n g  damage, i s  v e r y  s i g n i f i c a n t  t o  t h e  
f a b r i c a t i o n  of t e l e s c o p e  m i r r o r s ,  where t h e  g r i n d i n g  p r o c e s s  i s  f u l l y  
as s e v e r e  and i s  f o l l o w e d  o n l y  by  a  p o l i s h i n g  p r o c e s s .  The e x t e n t  of  
r emova l  o f  t h e  g r i n d i n g  damage by p o l i s h i n g  i s  u n c e r t a i n  and can  b e  
f u l l y  e s t a b l i s h e d  o n l y  by  f u r t h e r  t e s t i n g .  
7 . 4  EXTRANEOUS BENDING MOTIONS 
I n  e a c h  tes t  made, t h e  e x t r a n e o u s  bend ing  s t r e s s e s  a r e  r e a s o n a b l y  s m a l l ,  
b e i n g  less t h a n  0 . 5 %  of t h e  f u l l  s c a l e  p r i n c i p a l  s t r e s s .  I n  g e n e r a l ,  
t h e  i n d i c a t e d  bend ing  s t r e s s e s  a r e  r e p r e s e n t e d  by a f i x e d  q u a n t i t y  p l u s  
a  c o n s t a n t  p r o p o r t i o n  of  t h e  p r i n c i p a l  s t r e s s .  Whether t h e  i n d i c a t e d  
p r o p o r t i o n a l  p a r t  of t h e  l o a d  i s  a c t u a l l y  p r e s e n t  o r  mere ly  a r e s i d u a l  
mismatch i n  t h e  s e n s i t i v i t y  of  t h e  opposed d i f f e r e n t i a l  t r a n s f o r m e r s  i s  
open t o  q u e s t i o n .  The p r e c i s i o n  of  t h e  d i f f e r e n t i a l  t r a n s f o r m e r  
s e n s i t i v i t y  b a l a n c e  was l i m i t e d  t o  a p p r o x i m a t e l y  0 .5%.  F u r t h e r  reduc-  
t i o n  o f  mismatch i s  p o s s i b l e  o v e r  a  r e s t r i c t e d  r a n g e ,  b u t  i s  c o m p l i c a t e d  
by  mismatch i n  n o n l i n e a r i t y  when l a r g e  dynamic r a n g e s  of 0.25mm o r  g r e a t e r  
a r e  a t t e m p t e d .  
7.5 APPLICATIONS 
I t  i s  p e r t i n e n t  a t  t h i s  p o i n t  t o  d i s c u s s  t h e  a p p l i c a t i o n  of t h e  r e s u l t s  
of t h i s  test  program t o  t h e  f a b r i c a t o r  of t e l e s c o p e  m i r r o r s .  I n  p a r t i c u l a r ,  
i t  i s  i l l u m i n a t i n g  t o  p o s t u l a t e  t h e  r e s p o n s e  o f  a  m i r r o r  t o  a  stress which  
p r o d u c e s  a g i v e n  number of  u n i t s  of s t r a i n .  I n  t h i s  c a s e  o n l y  s h o r t - t e r m  
stress l o a d i n g ,  o f  t h e  o r d e r  of  1 minu te  o r  l e s s ,  must  b e  s p e c i f i e d ,  as t h e  
p r e s e n t  tes t  program d i d  n o t  i n v e s t i g a t e  long- term l o a d i n g  e f f e c t s .  
I f  we assume a  s t r e s s  l o a d  t h a t  c a u s e s  a  200- f r inge  d i s t o r t i o n  i r ~  a  CER-VIT 
m i r r o r ,  we can  e x p e c t  0 . 3  f r i n g e  d i s t o r t i o n  t o  remain  6  seconds  a f t e r  l o a d  
r e l e a s e ,  0 .06  f r i n g e s  a f t e r  1 m i n u t e ,  and 0 .008  f r i n g e s  a f t e r  10 m i n u t e s .  
Fo r  a  s i l i c a  m i r r o r  unde r  t h e  same c o n d i t i o n s ,  w e  s h o u l d  e x p e c t  0 . 0 7 ,  0 . 0 1 5 ,  
and 0 .003  f r i n g e s  r e s p e c t i v e l y .  F o r  t h e  same s t r e s s  l e v e l s ,  t h e n ,  t h e  
s i l i c a  e x h i b i t s  r o u g h l y  one  f o u r t h  t h e  t ime-dependent  ( v i s c o e l a s t i c )  s t r a i n  
shown by t h e  CER-VIT. F o r  most a p p l i c a t i o n s ,  e i t h e r  would be  minor .  
Permanent  d e f o r m a t i o n  s h o u l d  be  n e g l i g i b l e .  T h i s  a l l  assumes t h a t  s u r f a c e  
e f f e c t s  a r e  n e g l i g i b l e ;  t h a t  i s ,  a l l  g r i n d i n g  damage h a s  been  removed by 
e t c h i n g  o r  p o l i s h i n g .  
B e r y l l i u m  m i r r o r s  are a d i f f e r e n t  s t o r y  a l t o g e t h e r .  As n e i t h e r  t h e  y i e l d  
(non- recove rab le )  n o r  t h e  t ime-dependent  ( v i s c o e l a s t i c )  s t r a i n  i s  a  l i n e a r  
f u n c t i o n  of s t r e s s ,  one c a n n o t  make g e n e r a l i z a t i o n s  a s  above .  The t i m e -  
dependen t  s t r a i n ,  g e n e r a l l y  small compared t o  t h e  y i e l d ,  can  b e  i g n o r e d .  The 
y i e l d  depends  p r i m a r i l y  upon t h e  maximum s t r e s s  l e v e l  a t  any p o i n t  i n  t h e  
s t r u c t u r e  and must  b e  e v a l u a t e d  a t  a l l  p o i n t s  of l o a d i n g .  
8.0 CONCLUSIONS AND RECOMMENDATIONS 
8 . 1  CONCLUSIONS 
1) The p r imary  o b j e c t i v e  of t h i s  program, which was t o  e s t a b l i s h  t h e  
c o r r e l a t i o n  of t o r s i o n a l  s h e a r  w i t h  t e n s i o n  and compress ion  measure-  
ments  i n  t h e  s u b - m i c r o s t r a i n  r e g i o n ,  h a s  been  accompl i shed .  The  
r e s u l t s  of t o r s i o n ,  t e n s i o n  and compress ion  t e s t s  a r e  shown t o  b e  
e q u i v a l e n t ,  f o r  t h e  c o n d i t i o n s  of t h i s  program, when s u r f a c e  e f f e c t s  
a r e  n e g l i g i b l e .  \ h e n  s u r f a c e  e f f e c t s  a r e  s i g n i f i c a n t ,  t h e y  w i l l  
t e n d  t o  dominate  t o r s i o n a l  t e s t  r e s u l t s .  
2 )  The equipment  employed i n  t h i s  t e s t  program h a s  been  shown t o  have  
a  b a s i c  u n c e r t a i n t y  of  measurement of - + 0.0003 m i c r o s t r a i n  i n  t o r s i o n  
and - + 0.002 m i c r o s t r a i n  i n  t e n s i o n  and compress ion .  S t r e s s e s  i n  t h e  
j o i n t s  of a t t a c h m e n t  of t h e  e x t e n s o m e t e r  t o  t h e  spec imen have  b e e n  
found r e s p o n s i b l e  f o r  a p p r e c i a b l e  d e g r a d a t i o n  of t h i s  c a p a b i l i t y .  
3) The s i l i c i c  m a t e r i a l s  t e s t e d  i n  t h i s  program show v e r y  s t r o n g  s u r f a c e  
e f f e c t s  from g r i n d i n g .  These  s u r f a c e  e f f e c t s  i n f l u e n c e  b o t h  y i e l d  
(non- recove rab le )  and t ime-dependent  ( v i s c o e l a s t i c )  measurements  i n  
t o r s i o n  and were  s i g n i f i c a n t  i n  t h e  r e s u l t s  p u b l i s h e d  f rom a n  e a r l i e r  
program ( r e f e r e n c e  I ) .  
4) Removal of 0 . 1  MM of  s u r f a c e  by a c i d  e t c h i n g  e l i m i n a t e s  v i r t u a l l y  
a l l  s u r f a c e  e f f e c t s  from g r i n d i n g .  With s u r f a c e  e f f e c t s  removed,  
t o r s i o n  and a x i a l  measurements  c o r r e l a t e  c l o s e l y .  
5) With s u r f a c e  e f f e c t s  removed, t h e  s i l i c i c  m a t e r i a l s  a r e  e s s e n t i a l l y  
f r e e  of  y i e l d  f o r  s h o r t - t e r m  l o a d s  up t o  200 MN/m2. 
6) A f t e r  e t c h i n g ,  t h e  CER-VIT c o n t i n u e s  t o  show s u r f a c e  e f f e c t s  i n  t h e  
t ime-dependent  ( v i s c o e l a s t i c )  s t r a i n  c h a r a c t e r i s t i c s .  The v i t r e o u s  
s i l i c a  m a t e r i a l s  do n o t  show t h i s .  
7 )  The 0 .2% i r o n  a l l o y  of b e r y l l i u m  e x h i b i t s  s i g n i f i c a n t  y i e l d  a t  moder- 
a t e  v a l u e s  of stress. S u r f a c e  e f f e c t s  a r e  s m a l l  compared t o  t h o s e  
of t h e  b a s i c  m a t e r i a l ,  s o  t h a t  b a s i c  m a t e r i a l  p r o p e r t i e s  a r e  w e l l  
c h a r a c t e r i z e d  b y  b o t h  a x i a l  and t o r s i o n a l  t e s t i n g .  
8) Al though q u i t e  s o f t  i n  i t s  a n n e a l e d  s t a t e ,  t h e  0 .2% i r o n  a l l o y  o f  
b e r y l l i u m  i s  amenable t o  age  h a r d e n i n g .  The l i m i t  of  t h i s  h a r d e n i n g  
h a s  n o t  been  e s t a b l i s h e d .  
8 . 2  RECOMMENDAT IONS 
Al though t h e  t e s t s  i n  t h i s  program have  e s t a b l i s h e d  s e v e r a l  m a t e r i a l  
c h a r a c t e r i s t i c s  and e f f e c t s  t h e r e o n  of  v a r i o u s  t r e a t m e n t ,  t h e  materials 
t e s t e d  and t h e  c o n d i t i o n s  of tes t  have  been  n e c e s s a r i l y  l i m i t e d  i n  s c o p e .  
Recommended f u r t h e r  i n v e s t i g a t i o n s  i n c l u d e  t h e  f o l l o w i n g :  
1 )  S i l i c o n .  T h i s  m a t e r i a l  i s  b e i n g  a c t i v e l y  i n v e s t i g a t e d  f o r  u s e  a s  
a n  o p t i c a l  m i r r o r  s u b s t r a t e .  T e s t s  of m i c r o y i e l d  and t ime-dependent  
s t r a i n  p r o p e r t i e s  a r e  needed t o  p r o v i d e  a d e q u a t e  compar ison  w i t h  
o t h e r  m i r r o r  s u b s t r a t e  m a t e r i a l s .  
2 )  B e r y l l i u m .  O t h e r  a l l o y s  of b e r y l l i u m ,  s u c h  as t h e  5% copper  a l l o y ,  
a p p e a r  t o  b e  s u p e r i o r  i n  h a r d n e s s  t o  t h e  one t e s t e d  i n  t h i s  program. 
T e s t s  of  t h e  coppe r  a l l o y  s h o u l d  b e  made f o r  compar ison .  
3)  P o l i s h i n g .  G r i n d i n g  of  t h e  s u r f a c e  of s i l i c i c  m a t e r i a l s ,  a s  
employed i n  m i r r o r  f a b r i c a t i o n ,  h a s  been  shown t o  c u a s e  s i g n i f i c a n t  
s u r f a c e  e f f e c t s .  The e x t e n t  t o  which s u b s e q u e n t  p o l i s h i n g  o p e r a t i o n s  
remove t h e  s u r f a c e  e f f e c t s  s h o u l d  b e  e s t a b l i s h e d  by f u r t h e r  t e s t i n g .  
4)  Loading  P e r i o d .  The tests  employed i n  t h i s  program a l l  i n v o l v e d  
s h o r t - t e r m  (30 s e c o n d )  l o a d  i n t e r v a l s .  E f f e c t s  of  l o n g e r  term l o a d s ,  
a s  t h e y  a f f  e c t  b o t h  t h e  t ime-dependent  ( v i s c o e l a s t i c )  s t r a i n  and t h e  
y i e l d  ( n o n - r e c o v e r a b l e  s t r a i n ) ,  remain  t o  b e  e v a l u a t e d .  
5 )  Environment.  A l l  t e s t s  i n  t h i s  program were  r u n  a t  a  s i n g l e  
t e m p e r a t u r e  o f  306 '~ .  Many of t h e  materials c h a r a c t e r i s t i c s  c o u l d  
be  expec ted  t o  b e  t e m p e r a t u r e  dependen t .  A s  most m i r r o r  a p p l i c a -  
t i o n s  i n v o l v e  a  s i g n i f i c a n t  r a n g e  of  e n v i r o n m e n t a l  t e m p e r a t u r e s ,  
e v a l u a t i o n  of c h a r a c t e r i s t i c s  ove r  a p p r o p r i a t e  t e m p e r a t u r e  r a n g e s  
is  needed.  
APPENDIX A 
SPECIMEN SPECIFICATION, FABRICATION, AND TREATMENT 
A . l  CER-VIT 
Four  specimens of CER-VIT were o r d e r e d  from Owens- I l l ino i s ,  I n c . ,  w i t h  
t h e  f o l l o w i n g  s p e c i f i c a t i o n ,  where in  Sketch 1.1-042875B r e f e r s  t o  t h e  
drawing of f i g u r e  12:  
"4 EACH CER-VIT Premium Grade C-101, m i c r o s t r a i n  t e s t  
specimen p e r  Boeing Ske tch  11-0428758, th readed . "  
Specimens were  "machined by diamond wheel t o  a 32 microinch r m s  f i n i s h "  
and e t c h e d  t o  remove 12 micrometers  of s u r f a c e  m a t e r i a l .  M a n u f a c t u r e r ' s  
i n s p e c t i o n  r e p o r t  was a s  f o l l o w s :  
"Order f i l l e d  from: Premium C-101 DllT3 M 111-1, Nos. 1, 
2,  3 ,  and 4. Chemical  a n a l y s i s  shows t h a t  t h i s  m e l t  meets  
composi t ion s p e c i f i c a t i o n s .  Average l i n e a r  the rmal  expan- 
s i o n  c o e f f i c i e n t  (0-38' C) : -0.2 x 10-TI0 C .  
Sample Dimensions: On f i l e  i n  Q u a l i t y  C o n t r o l  Labora to ry  
Seed Count: Less  than  l / i n 3  p e r  p i e c e  mean d i a .  0.020 
S t r e s s  R e t a r d a t i o n :  None v i s i b l e "  
Upon r e c e i p t ,  Specimen 1 0 1  was g iven  a c u r s o r y  t e s t  a s  r e c e i v e d  t o  demon- 
s t r a t e  equipment.  I t s  subsequen t  f r a c t u r e  precl-uded f u r t h e r  p r o c e s s i n g .  
Specimens 102,  103,  and 104 were s u b j e c t e d  t o  an e t c h  s o l u t i o n  of 10% HF/ 
10% H2S04 f o r  a t o t a l  s u r f a c e  removal of 0 . 1  m i l l i m e t e r .  F i g u r e  A 1  shows 
t h e  s u r f a c e  appearance a s  r e c e i v e d  and a f t e r  t h i s  l a t t e r  e t c h .  Between 
t e s t s ,  specimens were s u b j e c t e d  t o  h e a t  t r e a t m e n t  a t  810° K f o r  1 h o u r .  
Specimen 104 was g iven  an a d d i t i o n a l  b r i e f  e t c h  immediately p r e c e d i n g  i t s  
i n s t a l l a t i o n  f o r  t e n s i o n  t e s t i n g .  
As i t  was t h e  on ly  s u r v i v i n g  specimen, Specimen 104 was chosen f o r  addi-  
t i o n a l  p r o c e s s i n g  and t e s t i n g .  The t e s t  s e c t i o n  was reground w i t h  a 120 
g r i t  diamond wheel t o  remove a minimum of 0.025 m i l l i m e t e r s  from a l l  por- 
t i o n s  of t h e  t e s t  s e c t i o n .  The t h r e a d  r e l i e f  d iamete r  on b o t h  ends  was 
reduced from 19.6  t o  12 .7  m i l l i m e t e r s .  A f t e r  t o r s i o n  t e s t i n g ,  the  specimen 
was re-e tched t o  a dep th  of 0 . 1  mm and r e t e s t e d  i n  t o r s i o n .  
T e s t  s e c t i o n  d iamete r  measurements were made i n i t i a l l y  w i t h  a micrometer  
c a l i p e r .  Th i s  was s h o r t l y  proven t o  be u n d e s i r a b l e ,  a s  t h e  t e n s i o n  f r a c t u r e  
of Specimen 103 was d i r e c t l y  t r a c e a b l e  t o  minute s c r a t c h e s  l e f t  by t h i s  
p r o c e s s .  F i g u r e  A 2  shows t h e  r e s u l t i n g  f r a c t u r e .  Subsequent t e s t  s e c t i o n  
d i a m e t e r  measurements were made w i t h  an o p t i c a l  comparator.  
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A.2 FUSED SILICA (CORNING 7940) 
ULE SILICA (CORNING 7971) 
F o u r  spec imens  e a c h  of  t h e  two g r a d e s  of f u s e d  s i l i c a  were  o r d e r e d  f rom 
Corn ing  Glass Works w i t h  t h e  f o l l o w i n g  s p e c i f i c a t i o n ,  where in  Drawing 
15588B and Ske tch  11-042875B r e f e r  t o  t h e  d rawing  o f  f i g u r e  12: 
"4 EACH 7940 Fused  S i l i c a ,  M i r r o r  Blank Q u a l i t y  M i c r o s t r a i n  
T e s t  Specimen p e r  Corn ing  Glass Works, Drawing 15588B, Rev. 
1, t h r e a d e d ,  p e r  Boeing S k e t c h  11-042875B. 
4 EACH 7971 Corn ing  ULE Fused  S i l i c a ,  M i r r o r  Blank Q u a l i t y  
M i c r o s t r a i n  T e s t  Specimens p e r  C o r n i n g  G l a s s  Works, Drawing 
15588B, Rev. 1, t h r e a d e d ,  p e r  Boeing S k e t c h  11-042875B.I' 
The m a n u f a c t u r e r ' s  r e p o r t  on f a b r i c a t i o n  and q u a l i t y  c o n t r o l  of t h e s e  
spec imens  was a s  f o l l o w s :  
"ULE MICROSTRAIN TEST SPECIMENS 
1. Boule used  f o r  o r d e r  - /,313-907 
2 .  Boule i n  b l o c k  form 
a .  G l a s s  was B lancha rd  ground t o p  and bo t tom w i t h  60 
g r i t  w h e e l  t o  4 .08  t h i c k n e s s .  G l a s s  was Tysaman 
sawed t o  l e n g t h  and w i d t h  of 4.830 x 4.08.  
b .  Maximum stress f o r  b l o c k  was 3 mu/cm. 
c .  Average  t h e r m a l  expans ion  c o e f f i c i e n t  f o r  t h e s e  
spec imens  f rom 5 d e g r e e s  t o  35 d e g r e e s  C i s  
-.014 x i n / i n / C o .  
d. Avg. /I s e e d / i n 1 3  - .07 
Max. s e e d s / i n 3  - 5 
Max. Mean Diameter  Seed - , 010  
3. Specimens were c o r e  d r i l l e d  p a r a l l e l  w i t h  long  d imension  
4.830 and s u r f a c e s  were  ground w i t h  s t a n d a r d  m e t a l  
bonded diamond whee l s  t o  t o l e r a n c e s  a s  l i s t e d  on i n s p e c t i o n  
s h e e t .  The spec imens  were  then  t h r e a d e d .  
4. S t r i a e  is  p a r a l l e l  w i t h  l e n g t h  o f  spec imen.  The spec imens  
were  a n n e a l e d  s e p a r a t e l y  a f t e r  mach in ing  and max. s t r e s s  i s  
i n c l u d e d  on i n s p e c t i o n  s h e e t  ." 
"FUSED SILICA MICROSTRAIN TEST SPECIMENS 
1. Boule used - 243-814 
2. Boule i n  Block Form 
a .  G l a s s  was Blanchard ground top  and bottom t o  
4.08 t h i c k n e s s  w i t h  60 g r i t  wheel ,  G l a s s  was 
Tysaman sawed t o  l e n g t h  and width  t o  4.830 x  
4.08. 
b .  Max. s t r e s s  f o r  b lock  - 2  mu/cm 
c. Avg. // s e e d s / i n 3  - 1 .03  
Max. // s e e d s / i n 3  - 8  
Max. Mean Diameter Seed - ,016 
3 .  Specimens were c o r e  d r i l l e d  p a r a l l e l  t o  long dimension 
4.830 and s u r f a c e s  were ground w i t h  s t a n d a r d  m e t a l  
bonded diamond wheels  t o  t o l e r a n c e s  a s  l i s t e d  on 
i n s p e c t i o n  s h e e t .  
4. S t r i a e  i s  p a r a l l e l  w i t h  l e n g t h  of specimens.  The 
specimens were annea led  s e p a r a t e l y  a f t e r  machining 
and t h e  maximum s t r e s s  i s  inc luded  w i t h  t h e  i n s p e c t i o n  
s h e e t . "  
Upon r e c e i p t ,  a l l  specimens w i t h  t h e  e x c e p t i o n  of Specimens 114 and 124 
were e tched  wi th  a  50% HF s o l u t i o n  t o  remove 0 . 1  m i l l i m e t e r  of s u r f a c e  
m a t e r i a l .  Sur face  c h a r a c t e r i s t i c s  b e f o r e  and a f t e r  e t c h  a r e  shown i n  
f i g u r e  A3. 
Specimen 124 was given a  low-level  t o r s i o n  t e s t  a s  r e c e i v e d ,  and bo th  114 
and 124 were reground and s u b j e c t e d  t o  a d d i t i o n a l  t e s t i n g ,  e t c h i n g ,  and 
r e t e s t i n g .  I n  t h e  r e g r i n d  p r o c e s s ,  a  minimum of 0.025 m i l l i m e t e r s  was 
removed from t h e  t e s t  s e c t i o n s  w i t h  a  120 g r i t  diamond wheel ,  and t h e  
r e l i e f  between t h e  th readed  end and extensometer  s h o u l d e r  on bo th  ends  
was reduced from 19.6  t o  12.7 m i l l i m e t e r s .  
Between t e s t s ,  specimens were h e a t  t r e a t e d  a t  8100 K f o r  1 hour  and fu r -  
nace  cooled.  I n  t h e  l a t t e r  p o r t i o n s  of t h e  t e s t i n g  program, specimens 
were g iven  a  l i g h t  e t c h  a f t e r  h e a t - t r e a t  t o  remove minor a b r a s i o n s  from 
t h e  h o l d i n g  f i x t u r e .  
Measurements of t h e  t e s t - s e c t i o n  d iamete r  a f t e r  e t c h  were made wi th  an 
o p t i c a l  comparator.  
The f o l l o w i n g  i s  a  communication from D r .  Chas. F .  DeVoe, S t a f f  S c i e n t i s t ,  
O p t i c a l  P r o j e c t s  Department,  Corning G l a s s  Company, Corning,  New York. 
"In  g e n e r a l ,  HF a c i d  f o r t i f i c a t i o n  i s  u t i l i z e d  t o  
i n c r e a s e  g l a s s  s t r e n g t h  v i a  check removal.  Typi- 
c a l l y ,  a  ground g l a s s  s u r f a c e  c o n s i s t s  of h i l l s  
and v a l l e y s  of rough g l a s s .  A h i g h  number of g l a s s  
checks  ( c r a c k s )  a r e  p r e s e n t  i n  such  a  ground s u r f a c e ;  
t h e  number and d e p t h  of t h e s e  checks  i s  a  f u n c t i o n  of 
t h e  g r i n d i n g  o p e r a t i o n  ( i . e . ,  g r i t  s i z e  and t y p e ,  
p r e s s u r e ,  e t c . )  
"As i n  most chemical  r e a c t i o n s ,  a c i d s  t end  t o  a t t a c k  
s h a r p  c o r n e r s  a t  a  f a s t e r  r a t e  t h a n  f l a t  a r e a s .  I n  
f o r t i f i c a t i o n ,  t h e  h y d r o f l u o r i c  a c i d  goes a f t e r  and 
d i s s o l v e s  t h e  s h a r p  peaks  and rounds  o u t  t h e  v a l l e y s .  
I n i t i a l l y  t h e  v a l l e y s  a r e  f i l l e d  w i t h  s m a l l  b i t s  of 
g l a s s  p a r t i c l e s  and a r e  n o t  a s  n o t i c e a b l e  a s  they  
a r e  a f t e r  a s h o r t  a c i d  r i n s e .  As f o r t i f i c a t i o n  con- 
t i n u e s ,  t h e  s u r f a c e  becomes f l a t t e r  and f l a t t e r  wi th  
t h e  e v e n t u a l  e l i m i n a t i o n  of a l l  g l a s s  checks.  
"The s t r e n g t h  of such a  check-free  s u r f a c e  approaches  
t h a t  v i r g i n  g l a s s ,  however, subsequent  h a n d l i n g  
t e n d s  t o  r e d u c e  t h i s  h i g h  s t r e n g t h  a s  checks a r e  
r e i n t r o d u c e d  i n  t h e  g l a s s  s u r f a c e .  
"The mixed a c i d  sys tem,  o f t e n  c a l l e d  a  p o l i s h i n g  
a c i d ,  u t i l i z e d  t h e  e t c h  r e a c t i o n  p r o d u c t s  a s  a  
s l u d g e  b l a n k e t  t o  p r e v e n t  e x c e s s i v e  e t c h i n g  of t h e  
v a l l e y s .  I n  t h e  H SO mixed a c i d ,  t h e  s u l f a t e s  2 4 formed o f t e n  a r e  glutinous and p r o v i d e  p r o t e c t i o n  
f o r  t h e  g l a s s  v a l l e y s .  However, i n  t h e  f u s e d  s i l i c a  
sys tems ,  r e a c t i o n  p roduc t s  a r e  complete ly  so lu -  
b l e  and no s l u d g e s  a r e  formed w i t h  o r  w i t h o u t  t h e  
H2S04. 
"The a t t a c h e d  photomicrographs+~ were a l l  t a k e n  w i t h  
i n c i d e n t  l i g h t i n g  a t  100X, and show t h e  v a r i o u s  
Code #79-0 Fused S i l i c a  s u r f a c e s  b e f o r e  and a f t e r  
e t c h i n g .  Each photomicrograph i s  l a b e l e d  a s  t o  
a c i d  t r e a t m e n t  and g l a s s  t a k e o f f .  A l l  a c i d  f o r t i -  
f i c a t i o n  was accomplished i n  s t a g n a n t  a c i d  s o l u -  
t i o n s  a t  71-73 degrees  F. 
"We s t r o n g l y  recommend t h a t  a  20 minute  t r e a t m e n t  
i n  50% HF ( a s  r e c e i v e d )  be  used a s  t h e  minimum 
f o r t i f i c a t i o n  c y c l e  f o r  t h e  samples a s  f i n i s h e d .  
A b e e s w a x / r e s i n  mix tu re  r e s i s t s  a c i d  a t t a c k  and 
can be  used a s  a  c o a t i n g  t o  p r o t e c t  t h e  ends of 
t h e  sample from a c i d  a t t a c k . "  
ASee f i g u r e  A4 
A. 3 BERYLLIUM 
The c h o i c e  of b e r y l l i u m  m a t e r i a l  t o  b e  t e s t e d  i n  t h i s  program was made 
on t h e  recommendation of M r .  Wm. Goggin of Perlcin-Elmer Corp. ,  a s  one 
of t h e  p r i n c i p a l  i n v e s t i g a t o r s  i n  t h e  f a b r i c a t i o n  and t e s t i n g  of b e r y l -  
l ium m i r r o r s .  Accord ing ly ,  t h e  f o l l o w i n g  s p e c i f i c a t i o n  was s e n t  t o  D r .  
John Moberly of S t a n f o r d  Research I n s t i t u t e ,  Menlo Park ,  C a l i f o r n i a ,  f o r  
f a b r i c a t i o n  of t h r e e  t e s t  specimens.  The r e f e r e n c e d  Ske tch  11-042875B 
r e f e r s  t o  t h e  drawing of f i g u r e  12. 
I t  3 each M i c r o s t r a i n  T e s t  Specimen, Bery l l ium,  f a b r i c a t e d  
from f i n e  g r a i n e d  low ox ide  b e r y l l i u m  powder, 0.2% i r o n  
by w e i g h t ,  p e r  Boeing Ske tch  11-042875B1' 
With t h e  specimens ,  t h e  f o l l o w i n g  was r e c e i v e d  from D r .  Moberly. 
"Three m i c r o s t r a i n  t e n s i l e  specimens have been f a b r i c a t e d  
and machined t o  s p e c i f i c a t i o n s .  The samples were f a b r i -  
c a t e d  from Kawecki-Berylco P-50 g rade  b e r y l l i u m  powder, 
Lo t  R-7080. The chemical  and p a r t i c l e  s i z e  a n a l y s e s  of 
t h e  powder, a s  g iven  by t h e  s u p p l i e r ,  a r e  l i s t e d  below: 
TABLE I: CHEMICAL ANALYSIS OF P-50 BePOWDER, LOT R-7080 
TABLE 11: PARTICLE SIZE DISTRIBUTION (BY COULTER COUNTER) 






35 Microns 9  8% 
20 Microns 72% 
15 Microns 5  7% 
10 Microns 39 % 
5  Microns 14% 
I I Kawecki-Berylco does  n o t  g i v e  t h e  Be0 l e v e l ,  b u t  we 
e s t i m a t e  i t  t o  b e  a b o u t  4 wt  %. W e  added 0 . 2  w t  % 
i r o n  powder (99% p u r e )  t o  t h e  b e r y l l i u m  powder. A f t e r  
mix ing  t h e  i r o n  and b e r y l l i u m  powders ,  d e n s e  b i l l e t s  
were  o b t a i n e d  by t h e  S t a n f o r d  Resea rch  I n s t i t u t e  p r e s -  
s u r e l e s s - s i n t e r i n g  t e c h n i q u e .  Each sample  was p r e p a r e d  
i n d e p e n d e n t l y ,  i . e . ,  t h e  t e n s i l e  s amples  were  n o t  machined 
o u t  of  a  s i n g l e  b i l l e t .  The powder was h y d r o s t a t i c a l l y  
p r e s s e d  a t  27 ,000 p s i  and t h e n  s i n t e r e d  f o r  5 h o u r s  a t  
1200 d e g r e e s  C .  i n  a  vacuum of 10  m i c r o n s .  The d e n s i t y  
o f  e a c h  spec imen i s  g i v e n  below: 
"The spec imens  were  n o t  s t r e s s  r e l i e v e d .  I would recom- 
mend t h e  samples  b e  c h e m i c a l l y  e t c h e d  b e f o r e  f u r t h e r  h e a t  
t r ea tmer i t .  E t c h i n g  of 0 .003 t o  0 .005 i n .  o f  m e t a l  o f f  
e a c h  s u r f a c e  i s  s u f f i c i e n t  t o  remove t h e  h e a v i l y  damaged 
s u r f a c e  l a y e r ,  b u t  w i l l  n o t  remove a l l  r e s i d u a l  stresses; 
0 .010 i n .  i s  p robab ly  needed.  T h i s  added dep th  may n o t  
be  n e c e s s a r y  i f  t h e  samples  a r e  stress r e l i e v e d  a f t e r  
e t c h i n g .  T h i s ,  however,  h a s  n o t  been  v e r i f i e d .  Our 
c u r r e n t  p r o c e d u r e  f o r  o u r  b e r y l l i u m  samples  is: 
1. Machine 
2 .  Chemica l ly  e t c h  0 .010 i n .  from a l l  s u r f a c e s  
3. S t r e s s  r e l i e v e  a t  1600 d e g r e e s  f . ,  one  h o u r ,  i n  vacuum 
"The sample  i s  s l o w l y  c o o l e d ,  200 d e g r e e s  F .  / h o u r ,  a f t e r  
t h e  1600 d e g r e e s  F .  h e a t  t r e a t m e n t .  
"The 40% HNO3-5% HF s o l u t i o n  s h o u l d  be s a t i s f a c t o r y  f o r  
t h e  c h e m i c a l  e t c h i n g .  One p r e c a u t i o n :  d o n ' t  a l l o w  t h e  
a c i d  t e m p e r a t u r e  t o  exceed  40 d e g r e e s  C .  (100 d e g r e e s  F . ) .  
The e t c h i n g  r e a c t i o n  i s  v e r y  e x o t h e r m i c  and t h e  a c i d  w i l l ,  
i f  n o t  c o o l e d ,  c o n t i n u e  t o  h e a t  up.  H ighe r  t e m p e r a t u r e s  
w i l l  i n c r e a s e  t h e  removal  r a t e ,  b u t  w i l l  a l s o  produce  
p o o r e r  s u r f a c e  f i n i s h .  I' 
The spec imens  were  e t c h e d  a s  recommended, removing 0 .25  m i l l i m e t e r s  of  
m a t e r i a l .  No problem was encoun te red  w i t h  h e a t i n g  of  t h e  b a t h ,  b u t  t h e  
na r row t e s t  s e c t i o n  of  t h e  spec imen was found t o  h e a t  up ,  c a u s i n g  non- 
u n i f o r m  e t c h i n g  u n l e s s  c a r e  was e x e r c i s e d  t o  keep  e a c h  i n c r e m e n t a l  e t c h i n g  
i n t e r v a l  unde r  1 m i n u t e .  
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A f t e r  e t c h  and b e f o r e  each t e s t ,  specimens were annealed a s  recommend- 
ed i n  a  h igh vacuum f u r n a c e .  Although t h e  p r e s s u r e  was k e p t  below 
5 x  T o r r ,  a p p r e c i a b l e  d i s c o l o r a t i o n  occurred d u r i n g  a n n e a l ,  
i n d i c a t i n g  s u r f a c e  o x i d a t i o n .  Specimen s u r f a c e  c h a r a c t e r i s t i c s  b e f o r e  
and a f t e r  e t c h  a r e  shown i n  f i g u r e  A4. S e v e r a l  s u r f a c e  p i t s  a r e  shown 
i n  t h e  photograph,  and a p p a r e n t l y  r e s u l t  from r e s i d u a l  p o r o s i t y  of t h e  
p r e s s i n g  o p e r a t i o n .  A s e m i q u a n t i t a t i v e  e v a l u a t i o n  of t h e  p i t t i n g  i n  
t h e  t e s t  s e c t i o n  i s  a s  f o l l o w s :  
No. of P i t s  G r e a t e r  t h a n  0 .08 mm 
Specimen No. Before  e t c h  A f t e r  e t c h  
Although t h e  p i t s  a r e  apparen t  by c l o s e ,  unaided v i s u a l  i n s p e c t i o n  
of t h e  specimens,  t h e i r  i n f l u e n c e  upon t h e  r e s u l t s  of t e s t i n g  i s  
cons idered  t o  b e  n e g l i g i b l e .  
A f t e r  i t s  i n i t i a l  t o r s i o n  t e s t ,  Specimen 131 was s u b j e c t e d  t o  a  h e a t  
t r e a t m e n t  of 5700K f o r  1 hour i n  a i r  w i t h  oven coo l ing .  T h i s  was i n t e n d -  
e d  a s  an ag ing  t r e a t m e n t  t o  determine whether t h e  specimen would harden .  
A f t e r  r e t e s t i n g  i n  t o r s i o n ,  t h e  s t a n d a r d  a n n e a l i n g  procedure  was 
fol lowed.  
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T h i s  program a c c e p t s  t h e  p r i n t e d  d i g i t a l  v o l t m e t e r  o u t p u t  of  s t a n d a r d -  
i z a t i o n  d a t a  and t e s t  d a t a ,  t o g e t h e r  w i t h  t h e  s i m u l a t e d  stress and 
s t r a i n  v a l u e s  a s s o c i a t e d  w i t h  t h e  s t a n d a r d i z a t i o n  d a t a ,  and  p r o v i d e s  
t h e  r e d u c t i o n  t o  m e a n i n g f u l  stress, y i e l d  s t r a i n ,  and t i m e  dependen t  
s t r a i n  o u t p u t .  A l og - log  p r i n t e r  p l o t  of  t h e  t ime  dependent  s t r a i n  
i s  p r o v i d e d  f o r  r a p i d  e v a l u a t i o n  o f  t h e  q u a l i t y  of  r e s u l t s .  
Job  c o n t r o l  c a r d s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  i n i t i a l  j ob  c a r d ,  a r e  pro-  
v i d e d  f o r  o p e r a t i o n  of  t h i s  program on an  IBM 360 computer .  R e f e r e n c e  
t o  e x t e r n a l  subprograms,  e x c e p t  t h o s e  g e n e r a l l y  s u p p l i e d  w i t h  t h e  com- 
p u t e r ,  have  been  e l i m i n a t e d  f rom t h e  program. 
The program is w r i t t e n  i n  t h e  F o r t r a n  IV(G) l a n g u a g e ,  and  c o n s i s t s  of  one  
main and  f i v e  s u b r o u t i n e s .  
The main program sets up t h e  p r i n t e r  p l o t  a x i s  c o n s t r u c t i o n  and l a b e l i n g  
a r r a y s ,  f o l l o w e d  by t h e  t e s t  t i t l e  a r r a y ,  which i s  r e p r e s e n t e d  by t h e  r e a l  
v a r i a b l e  MATL. The b a l a n c e  of  t h e  main program i s  t h e  c a l l i n g  o f  t h e  
s u b r o u t i n e s  i n  s e q u e n c e ,  f o l l o w e d  by an  i n p u t - s t r e a m - c o n t r o l l e d  r e c y c l e  
i n s t r u c t i o n  a s  t o  whe the r  t h e  e n s u i n g  d a t a  i s  a d d i t i o n a l  t i m e  dependen t  
s t r a i n  d a t a ,  a new t e s t  s equence ,  o r  d a t a  end .  The c o r r e s p o n d i n g  v a l u e  
of NN i s  1, 3 ,  and  2 ,  r e s p e c t i v e l y .  
S u b r o u t i n e  CALTIT t i t l e s  t h e  f i r s t  page of  p r i n t o u t  f o r  a  t e s t  s e q u e n c e  
and s e t s  up t h e  c a l i b r a t i o n  v a l u e s  o f  t h e  v a r i o u s  r e a d o u t  c h a n n e l s .  The 
v a r i a b l e  MODE i s  g i v e n  a  v a l u e  of  1, 2 ,  o r  3 f o r  t o r s i o n ,  t e n s i o n ,  o r  
compress ion  t e s t i n g  r e s p e c t i v e l y ,  and g o v e r n s  t h e  a p p l i c a t i o n  of t h e  
spec imen t e s t  s e c t i o n  d i a m e t e r  t o  t h e  c a l i b r a t i o n  of  s t r e s s  and s t r a i n  
c h a n n e l s .  The d i a m e t e r  v a r i a b l e ,  DIAM, i s  i n  i n c h e s .  S t r e s s  and s t r a i n  
c h a n n e l s  are g i v e n  g a i n  numbers a s  f o l l o w s :  
10 l o a d ,  o r  s t r e s s  
11 "x" bend ing  
12 Ex tensomete r  s econda ry  modes "Y" bend ing  
0 3  } Extensomete r  p r i n i c p a l  s t r a i n  mode, f o u r  g a i n  r a n g e s  
The g a i n  number, p o s i t i v e  s t a n d a r d i z a t i o n  r e a d o u t ,  z e r o ,  n e g a t i v e  s t a n d a r d -  
i z a t i o n  r e a d o u t ,  and s t a n d a r d i z a t i o n  v a l u e  i n  t e r m s  of  MN/m2 and p e r  u n i t  
s t r a i n  ( r e f e r r e d  t o  p r i n c i p a l  s t r a i n )  a r e  r e a d  i n  f o r  e a c h  c h a n n e l .  
S e n s i t i v i t y  and z e r o  f i g u r e s  a r e  p r i n t e d  o u t  f o r  e a c h  channe l .  
To t e r m i n a t e  t h e  CALTIT s u b r o u t i n e  c y c l e ,  an i n t e g e r  g r e a t e r  t h a n  20 
( t h e  v a l u e  30 i s  cus tomary)  i s  coded i n t o  t h e  G A I N  f i e l d  of t h e  n e x t  c a r d .  
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Subrou t ine  INVAL, a s  t h e  comment s t a t e s ,  computes and p r i n t s  o u t  s tress,  
l o a d  s t r a i n ,  l o a d  bending s t r a i n ,  and t e r m i n a l  unloaded r e s i d u a l  s t r a i n  
v a l u e s  w i t h o u t  e x t r a p o l a t i o n .  The i n p u t  v a r i a b l e s  a r e  a s  fo l lows :  
GAIN Gain v a l u e  of extensometer  channel  
LOADV Load c e l l  channel  o u t p u t  v o l t a g e  
EXV Terminal extensometer  v o l t a g e  
ELV "XIt bending v o l t a g e  (under l o a d )  
EWV "Y" bending v o l t a g e  (under load)  
E 1 V  Extensometer o u t p u t  under l o a d  ( g a i n  of 1 )  
The remaining v a r i a b l e s  a r e  f a i r l y  obvious.  To t e r m i n a t e  t h e  INVAL sub- 
r o u t i n e ,  a  v a l u e  g r e a t e r  than 20 i s  a g a i n  coded i n  t h e  G A I N  f i e l d .  The 
v a l u e  30 is customary.  
The s u b r o u t i n e  LODVAL performs t h e  t i t l i n g  and f i x e d  v a l u e  d a t a  r e d u c t i o n  
f o r  t h e  f o l l o w i n g  DATPRO s u b r o u t i n e .  The l o a d  s t r e s s  i s  computed and 
i n s e r t e d  i n t o  t h e  t i t l e  MATL b e f o r e  p r i n t - o u t .  
The s u b r o u t i n e  DATPRO a c c e p t s  t ime sequence extensometer  ou tpu t  and d e t e r -  
mines t h e  amount of y i e l d  s t r a i n  (TNRS) which,  when s u b t r a c t e d  from t h e  
t ime sequence s t r a i n  d a t a ,  produces  a  z e r o  average c u r v a t u r e  p l o t  of t h e  
r e s u l t i n g  d a t a  i n  log- log space .  The i n i t i a l  p r i n t e r  d a t a  and e q u i v a l e n t  
s t r a i n  d a t a  a r e  p r i n t e d  ou t  t o  enab le  r a p i d  checking f o r  coding and key- 
punch e r r o r s  i n  t h e  i n p u t  s t ream.  The i t e r a t i o n s  of d a t a  ad jus tment  a r e  
p r i n t e d  t o  a l l o w  i n s p e c t i o n  of t h e  covergence procedure .  These v a r i a b l e s  










Convergence f a c t o r ,  a d j u s t e d  t o  g i v e  r a p i d  convergence 
Addi t ive  f a c t o r  f o r  a d j u s t i n g  TNRS 
One minute ( t ime)  i n t e r c e p t  ( l o g  ) of r e s u l t i n g  c u r v e  
e  Slope of log- log curve  
Average c u r v a t u r e  of curve  
Time a f t e r  load  r e l e a s e  (minutes)  
I n d i c a t e d  s t r a i n  a s  a  f u n c t i o n  of t ime 
Time dependent s t r a i n  (DATA-TNRS) 
P o i n t s  on t h e  f i t t e d  s t r a i g h t  l i n e  e q u i v a l e n t  t o  RS 
The s u b r o u t i n e  DAPLOT t a k e s  t h e  l o g a r i t h m i c  v a l u e s  of t ime and time-depend- 
e n t  s t r a i n  (X and Y) ,  c o n v e r t s  them t o  b a s e  10,  and p l o t s  them on a log-  
l o g  p l o t  f o r  v i s u a l  i n s p e c t i o n  of t h e  q u a l i t y  of t h e  e x t r a p o l a t i o n .  The 
p l o t  i s  t i t l e d  w i t h  t h e  MATL a r r a y ,  which c o n t a i n s  t h e  s t r e s s  v a l u e  i n -  
s e r t e d  by t h e  LODVAL s u b r o u t i n e .  
A  l i s t i n g  of t h e  program deck w i t h  t h e  p l o t  a x i s  a r r a y s  and a  sample d a t a  
deck i s  p r e s e n t e d  on t h e  fo l lowing  pages ,  fo l lowed by a  r e p r e s e n t a t i v e  
computer p r i n t - o u t  of r e s u l t s .  
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/ / F O R  E X E C  PGM= I E V F ~ I K T ~ H E G I U ~ ~ = ~ ~ ~ #  
/ / S Y S P R I N T  00 S Y S I I U T = A , U N I T = S Y S D A ~  X 
/ / D C H = l L R f G L = 1 2 0 , R E C F M = F B A ~ B L K S I Z E = 1 6 H O )  
/ / S Y S L I N  Db D S N A M E = C L O k l l S t T ~ [ ~ I S P = ~ M U D ~ P A S S ) ~ U N i T = S Y S D A ~  
/ / U C B ~ ~ L R E C L = 8 0 ~ ~ L K S I Z E ~ 4 0 0 ~ ~ S P A C E ~ ~ 4 0 0 ~ ~ 1 2 0 0 ~ )  
/ / S Y S I N  D ::. 
C R t D U C T I O h  OF M I C R O Y I t L D  C O R R E L A T I O N  D A T A  7 / 7 / 6 9  
I N T E G E R  S A M P L E v G A I N  
H E A L  S C N S ( 2 0 1 ~ L L R O ( L O ) ~ T I M E ( 5 0 ) ~ E V ~ 5 O ) ~ S T R t J ~ 5 0 ~ 4 ) q X ( 5 O ) q Y ~ 5 0 )  
K E A L  T I T L L ( 5 0 ) , A N U M L I 5 1 l ~ T I T L B ( 3 O ) ~ N U M B ~ 3 O ) ~ M A T L I 2 0 )  
R k A O (  5 9  1 )  C L A N K , [ ) O T v S T A R  
1 F O R M A T  ( 3A 1 
H E A D ( b ~ ? )  T I I L L p A N U P I L v T I T L H q A X B t A N U M f l  
2 FOH~A1~50A1/20A4/20A4/11A4/LOA4/l0A4/20A4/lOA4/2OA4/lOA4) 
5 R E A D ( 5 p 6 )  M A T L  
6 F O R P A T  ( Z D A 4  ) 
C A L L  C A L T I T ( M A r L q S E N S t L t n 0 )  
C A L L  I N V A L ( b t N S w L f H O )  
10 C A L L  L O O V A L (  S C N S , L t l < O q S T R t S S q M A T L )  
C A L L  D A T P R U ~ S T I ~ ~ I ~ S E N S ~ T I M F , L F R O ~ S T K E S S ~ Y ~ E L D ~ N ~ M A ~ L , X , Y ~  
C A L L  O A P L O T  ( X , Y t N ~ H L A N K t D O T t S T A R p l l T L L , A N I J M L t T I T L B ~ A X B , A N U M B t  
X M A T L  
R E A D ( ? J , L 5 )  N N  
1 5  F O K W A T ( I 2 )  
GO 10 ( L U p L O q ? J ) , N N  
2 0 CCINT I N O E  - 
S T O P  
F N I )  
S U i i t l U d F  I N E  C A L T  I T l M A T L  1 S k N S q  Z C K O I  
K t - A L  M t d T L ( 2 O  v S E N S (  2 0 1 ,  L I r K U (  2 0 )  8 L M U L T  
I N l C G t l l  S A M P L E  * G A I N  
10 R E A U ( 5 ,  LC , )  t l O U t q 1 1 I A l 4  
2 0 W K I  T E ( O , j I ) )  l M A T l  ( I  I = l q  1 4 ) , D I A M  
1 5  F O R M A T (  I 2 . 1 0 X q F 6 . 0 1  
3 0 F f l R M A r (  I H  L LrtA't L O X ?  L h t i S A M P L f  D I A M E T E R =  9 F 8 . 4  v7ti I N C H E S  / l H O )  
I F ( C I A M . G I . O . 0 )  GO 10 00 
W H I T E ( A p 4 0 )  
4 0  F U R M A f ( 4 5 H  D I A M E T E K  V A L U E  I M P R O P E R .  P R O G R A M  T E R M I N A T E D .  
C A L L  E X I T  
6 0 I F ( P n O C , G T . L )  GLI T O  100 
7 0 F X M L L T = D I A M / 0 . 2 8  
8 0 L M U L T = l O , Z & i / D I A M ) * * j  
9 0 GO T C  1 LO 
LOO E X I ' J ~ L T = I . O  
110 L M U L I = (  0 . 2 H / D I A M l * * l  
1 2 0  cohr  I ~ J ~ J I :  
1 2 5  W R I T E  ( h p  1 2 6 )  L M U L T v E Y M I J L T  
1 2 6  _ F O R M A T  ( / t i  LMIJL T= p l P f  i O . 3 r  l O X ~ 7 t i E X M U L T =  t E 1 0 . 3 )  , 
1 3 0  K F A ~ ( ~ , ~ ~ ~ ) G A I N , C A L I , ~ C A L I ~ ~ C A L M ~ C A L V  
140 F O Q M t I T ( I 2 ~ 2 0 X , 4 ( F 8 e 0 ( 4 X ) )  
I F ( G A I I 4 . G T . O )  b O  T O  1 5 0  
W R I F t ( 0 ,  1 4 5 )  G A I N  
1 4 5  F O l 4 W A F ( 2 5 H  I M P R O P E R  V A L U E  O F  G A I U  = * I 6 1  
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400 I F ( E l V ~ E 4 . 0 . 0 )  GO T O  4 5 0  
410  L b E N C = ~ E b V * S E N S ~ L 1 ) - E E K O ~ l i ) 1 / 1 2 ~  
4 2 0  WBEND=(tWV*SENS(12)-ZEKO(l2))/12~ 
430 L S T R h = E l V * S E N S ( l ) - Z E W )  
4 4 0  GO T O  510 
450  L B E N D = O . O  
4 6 0  WBEND=O. 0 
470 L S T H N = O  .O 
4 8 0  W R I  r E ( 6 1 4 9 0 )  S T R E S S  
490 FOHMhT(lH0~4X~7HSTHESS=rLPE12e3rL5ti N E W T O N S  P E R  S Q U A R E  METER) 
5 0 0  GO T O  5 3 0  
5 1 0  W R I T E ( ~ , ~ ~ ~ ) S T U E S S ~ L S T K N O L B E I ~ D I W H E N D  
5 2 0  F O R M A T ( 1 H O q 4 X p 7 H b T U k S S = ~ 1 P C 1 2 . 3 ~ 5 H  N / M 2 t 4 X v 1 2 H L O A O  S T t 4 A I N ~ q l P f l 2 . 3  
1 / 4 X o 2 8 I i L Q N G I T U D I N A L  B E N D I N G  S T H A I N = ~ ~ P E ~ ~ . ~ V ~ X ~ ~ ~ H L A T E R A L  B t N O I N G  
2 S T H A I N = v l P E 1 1 . 3 )  
530  R E T U R N  
E N D  
S U D l i f l U T  I N E  D A T P ! i O ( N Q ,  ' 5 E N S v T  ~ M E P L C I ~ O ~  S T R E S S q T N R S t N v M A T L q X g Y J  - -- 
R E A L  N ~ ( 5 1 ) ~ 4 1 q S E l ~ S ( 2 0 ) o Z € R 0 ( 2 0 ) r T l l J I E ( 5 0 ) q X ( 5 0 ) r Y ( 5 0 ) q M A T L ( 2 0 )  
R E A L  E V ( 5 O ) , I N C  
l M T t C E R  G A I N  
R E A C ( ~ ~ L ) N I G A I N ~ F I M ~ ( L ~  
1 F O K M A T ( L 1 1 2 , l O X ) 9 F 6 . U )  
I F ( N . G T . 0 ) -  U T 0  3 0  . - -  - - 
W H l r L l b , L I R ?  Pi 
1 1 8  F O H Y A T  (2211 I M P R O P C R  V A L U E  O F  N = r  I b )  
CALL  C x I r  
3 0 I F ( N . G T , S O )  GO T O  28  
R C A C ( 5 r Z ) I T V ( l ) , I = l , N )  
2 k U l < M A T ( 6 ( F  I . O . 5 X )  1 
W H I T L ( t , t  1 2 5 )  ( t V (  I ) g I = l v N ) '  
1 2 5  F O R V A T (  1 1 t i  E V  K L A D O U T / ( 5 X v 6 (  l t ' C 1 2 . 4 )  ) ) 
D O  3 I = I q N  
TIPE(I)=rIMtlI-l)+lO.i:*t I N T I A h O G 1 O ( T I M E ( I - l ) ) ) )  
3 C O N T  I IJLJC 
DU 4  l = L , i V  ' 
N K (  I, L ) = C V (  I ) * S € N S ( G A I N ) - L E I 4 0 ( G A I F l )  
T I M L ( I ) = T I ~ - ~ E (  1 1 / 1 2 .  
4  C O N T  I l u t J t  
W R l T P ( 6 r 1 2 6 )  ( Y K ( I 9 L ) q I = l r N )  
126 F b H M A T ( 1 2 H O 5 T H A I N  D A T A  / ( 5 X e b ( l P E 1 2 . 4 ) 1 )  
W R I T I 3 ( 6 , 1 2 7 )  
1 2 7  F O R P A T  ( lt10 1  
C I N T R f l D U C E  I N I T I A L  O F F S E T  
J=O 
r C M P A = N U ( L ~ L ) - N R ( N 9 1 )  
T E I ~ P O = T E M P A / A B S (  T E M P A )  
I h C = - N K ( N , l )  I. 
5 I N C = I N C + T E k P O * L . F - O  
T N K S = - T C M P O * I N C  
J = J o $  
I F ( J . L I . 1 0 )  20 10 o t 
k H I T E ( h s b 5 )  
5 5 F O I { M ~ T ( L H O / / ~ Z H  S T U C K  I N  O A T A  A D J U S T I N G  LOOP. P R O C E D U R E  T E R V I N A T E O  
APPENDIX B ( c o ~ I N ~ B )  
-- -- - - -- - - - - - - - - - . - - - - - - - - - -- -- - - - - - - - - - 
X. 1 
RE T U R N  
6_ . C_ON_IINU+-_- - - . -  - 
00 7 I = l , N  
TEMP=TEMPO*(NN(I~lI+INCJ 
_ I F ~ ~ E M P ~ G J L Q L Q L  GQ IQ 44- _ - -  . - - -- -- - - 
I N C = - N R ( I p  1) 
G O  TC 5 
66 - N&( 114 ) = T E M P  
7 C O N 1  I N U E  
113 F O H M A T ( 1 H  , L X p 3 H J =  , 1 3 e 4 X o 4 H N K S =  r l P E 1 0 . 3 )  
_- -- -- --SVN4=4, (L - _ _ __ . - . - - - -  - - - - - - - . - . - - 
SUM=Ll  a 0  . 
F = 3 . 2 E - 9  
- - - - - - C=L.O - - - - - - -  
A 2 = 0 . 0  
Al.=O.O 
---- - -- QB=Q ,Q_- - -- -- _. . - - - - - - - - - -- - - - - - - - - 
D C Z 8  K = L e  3 0  
C C H A N G E  TU L O G L O G  
- CC2L J = l r N  - 
I F L r I M E ( J ) . G T . O . )  GU T O  19 
W R I T E ( ~ ~ L ~ ~ ) J I T I M E ( J )  
- -.-114.. . F O l t n n T I I t i  .ZX,311,1= I I I s 4 X t b t i T l ! l E =  , IPt9.3)-  . -/ .- - - 
T I M E ( J ) = O . O b  
19 I P ( N R ( J V 4 ) e G T . O . )  G O  TO 2 0  
- W R I T E ( h , L l 3 ) J , N R I J , 4 )  - 
N Y ( J v 4 ) = 1 . O E - 9 / 1 . 5 * * J  
2 0  X ( J ) = A L O G ( T I M E I J ) I  
21- . - Y ( J ) = A L . U G L l . O P L O * N K ( J , 4 1 )  - - -  - -- - - - . 
C  L E A S T  S G U A R E S  P O L Y N O M I A L  C U R V E  F I T  T O  D E G K E C  TWO 
S l x O . 0  
S2=0.0 
S 3 = 0 . 0  
S 4 = 0 . 0  . 
-- - - - T 1 = 0 . 0  - - 
T2=0.0 
T 3 = 0 . 0  
0 0 2 2  J= 1, I\( - 
S l = S l + X ( J  
S Z = S 2 + X ( J ) * X ( J )  , 
S 3 = S 3 + X ( J ) * * 3  , _ _ .  - - 
S 4 = S 4 + X (  J )**4 
T L = T L + Y ( J )  
T 2 = r 2 + X ( J ) * Y ( J )  
2 2  T 3 = r 3 + X ( J ) * X ( J ) * Y ( J )  
c L=C 
I 
- -  - - F N = € L O A T L N )  - -  - - 
C = ( ( S L * T ~ - F N * T ~ I * ( S ~ * S L - F N * S ~ ) - ( ~ ~ * ~ ~ - F N * ~ ~ ) * ~ S ~ * S ~ - F N * S ~ )  ) / ( ( S l *  
l S 2 - F N * 5 3  ) * * 2 - (  Sb*SZ-F1 \1 *S41* (  S l * S l - f - N * S 2 )  
B =  ( S L * T  k - E N * T ?  ) - C * ~ S l * S ~ - F ! d * s 3 1  1 / t  S I * S l - F N * S 2 1  
A - ( T L - C * 2 2 - U * S l ) / F N  \ 
A l = I . O E - L 0 * C X P I A 2 )  
1 t k P = C / C L  
I F  (TEMPeLTeO.8) GO TO 2 2 2  
F = 2  e *F 
GO TO 2 2 5  
2 2 2  I F  (TEMP.GE.0.) GO r0 2 3  
F=O. b*F 
-- 2 2 5  W R I T E ( 6 r  1 1 5 )  F  
1 1 5  FOHIIAT(1H '2Yq3 t IF -  , l P E 9 . 3 )  
2 3  IF(SUMA.GE.2oOE-11) GO TO 2 5  
C P&INT OUT DATA 
2  4 W K I T E ( ~ ~ ~ ~ ~ ) T N K S P A ~ ~ ~ ~ ~ ( T I M E ( J ) ~ N R ~ J ~ ~ ~ ~ N R ( J , ~ ~ ~ N R ~ J ~ ~ ~ ~ J = ~ ~ N ~  
1 1 6  F O R M A T ( ~ H O I ~ X I ~ H T N R S =  ~ l t ' E 1 0 . 3 q 6 X , 4 H A l =  1E1003r6X,3HB= vE10.3/ 
. .. - l L H O / l O X ~ 4 H T I M E ~ 1 5 X q 4 H D A T A ~ 1 5 X ~ 2 H R S q 1 7 X ~ 5 H ~ S R A K / l H  / -- 
~ ~ ~ o x ~ u P F B . ~ ~ ~ ~ x ~ ~ ~ I P c I o . ~ , ~ x ) / ) / ~ H  1 
K=40 
25  IF(K.EQ.30)  GO TO 2 4  
DO26 J = L * N  - 
2 6  NH (J,3)=L.Ot-lO*EXP(A+B*X~ J 1 )  
- - TNRS=TNKStSUM - - - --- - - . 
SUM=F*C*f-XP ( A  1 
SUMA=At3S ( S U M  
W K I T E ( 6 q 1 1 7 ) T N K S v S U M ~ A ~ B v C  - - . . 
1 1 7  FUKMAT(LH ,5X96HTNKS= r lPE10 .3pbX*5HSUM= eE10-3,9Xp3HA= , 
l E l U , 3 t 1 2 X 9 3 H U =  vOPF6e3 t15Xq3HC= rLPE10.3 )  
. - A2=J! - - -  - - -- -- - - 
O B = B  
C  AOJUST DATA 
CRIT=(NR(N94)-SUM)/NK(Ntit) 
IF (CRIT .GT.0 . )  GO TO 2 7  
SUM=O.!i+NK(N*4) 
F=O. 5*F 
W R I T E ( b r l l 5 ) F  
2 7  I102H J = l , N  
h K ( J g 2 ) = N K ( J t 4 )  
N R ( J * 4 ) = N H ( J * 4 ) - S U M  
t T l h K ( J * 4 ) . G T e O e )  GO TO 2 8  
W K I T E ( 6 r l 2 0 )  J v N P ( J 9 4 )  
1 2 0  FUI(PAT(3Xq3hHADJbSTED DATA POINT NUN-POSITIVE. J =  r 1 4 q 5 X ,  
1 8 H h H ( J v 4 1 =  q t 1 0 . 4 )  
Ni(4 J 1 4 ) = l , 0 t - 9 / l e 5 * * J  
2 8  CONTIf\lUE 
RETURN 
€NO 
SUNgOUTINE UAPLOT ( L U G E T , L O C E S q N P T r B L A N K ~ O O T , S T A R , T I T L L ~ A N U M L *  
X T i T L B ~ A X U q A N l J M @ r T I T L T )  
R t A L  L O G E T ( ~ O ) ~ L B G L S ( ~ O ) , T I T L L ( ~ ~ ) ~ A N U M L ( ~ ~ ) ( T ~ T L B ( ~ O I ~ A X B ( ~ O ~  
REAL A N U M C ( ~ O ) ~ L I N E ( ~ ~ ~ ~ ~ O ) ~ T I T L T ( ~ O ~  
W H I T t ( O ~ 5 O ) T  I T L T  
_ 5 0  FIIIIt'AT ( L t l l  1 2 0 X 9 2 0 A 4  
110 1 C O  I = l ,  1 1 2  I 
UC 1CU J = 1 9 5 0  
L I N t ( I , J ) = B L A N K  
1 0 0  C C N  r l kilt.. 
00 300 I = L t N P T  
J = l k l x (  ( 0 . 4 3 4 3 * L f l G i T (  E ) + 1 . 3 ) * 2 6 . )  
APPENDIX B (CONTINUED) 
DO 4 0 0  I = l r 5 0  
- -  - - - -hlBLIELbs3frQ~JIILLII1~AMUMLlI 1 eDOTm1L1NEL3r11 zJ=lr_l121- -. t 
3 5 0  FORMAT(1H ~ A l ~ I X ~ A 4 r l X r A 1 o l l 2 A l )  
4 0 0  C O N 1  INUE 
W H I T k ( 6 ~ 4 5 U I A N U M L ( 5 1 ) ~ A X B , A r Y U M B ~ T I T L B  
4 5 0  F O R M A T ( ~ X , A ~ V ~ X * ~ O A ~ / ~ X ~ ~ ~ A ~ / / ~ X ~ ~ O A ~ )  
RETUHII 
- -- B R  -- - _- - - --- - ---- - 
/ * 
//LKED E X E C  PGM=LINKEDIFrCOND=(5,LT),REGION=l4OK 
I/SYSPRIN_T 012 SYSI/UJ=A,UNIT=SYSDAt - - X 
/ / C C U = ( L K E C L = 1 2 1 s R E C F M = F B A ,  t 3 ~ K S I L E = 1 5 7 3 )  
/ /SYSL IB  OD DISP=SHR,DSNAME=SYSl.FORTLIB 
- - I /  - - . _. _ -DO.-RLSP=LHKvUSNAME=ENG*nZEB* B S L I  H . - --- 
/ / S Y S L M O D  OD UNIT=SYSOA.DISP=( , P A S S )  ,DSNAME=CGPDS(MEMB), 
/ /  S P A C t = ~ l 0 2 4 ~ ( 2 0 0 ~ 1 0 1 L ) , R L S E ) r D C B = U L K S I Z E = l O 2 4  
/ /SYSUTl  C D  U N I T = S Y S O A ~ S P A C E = ~ 3 2 5 O ~ ~ 2 ~ 5 ) ~ R L S E ) ~ D C B ~ B L K S I Z E ~ l O ~ 4  
/ /SYSL I N  C D  DSNAME=&LOADSET rD  I SP=( OLD pI>ELtTC) 
//GO tXEC P G M = * . L K k D . S Y S L M i l D ~ C O N D = ( 5 , L T t L K E D )  
- - I f F T 0 5 F Q O l  DD DDNAME=SYSIN - - . -- - - - - 
/ / t -T06FOOl  DD SYSOUT=AIU~IT=SYSDA, X 
/ / C C ~ = ( L R C C L = ~ ~ ~ V R ~ C F C I = F ~ A ~ R L K S I I E = ~ ~ ~ O )  
/ /SYSIN  CY * - -- 
. * 
STRAIN - UNITS OF ONF MICRUSTRAIN t 
5 2 1 - Q .5-- - - - - - . - .- 
0.2 G .  1 0e05  0.02 0.01 
.005 0 002 . 0 0 1  
TIME AFTER LOAD RELEASE - MINUTES 
1.......I.......1.........I.......I....~~.1....0.0..1..00.001.00...010..0.0.~01. 
- . . . . . . I . . . . . . . l ; . * . . . . . . I . . . . . o . . I .  - .. 
0.05 00 1 0.7 0.5 1 2 5 1 0  2 0  5 0  
100 1 0 0  500 1000 
DATE 1 1 / 0 3 / 6 9  ULE S I L I C A  114 KEGKOUND TORSION STRESS= M u / M Z  
0 1 0.2666 
10  1.0000 0.0 -0.9652 91.5 
11 0, O L O b  (1.0 -3.0206 OeO0001 
12 0.0234 0.0028 -0.0182 0.0000 1 
0 1 0.0256 0 e 0 0 4 6  -0.0 156 OeOOOO 1 \ \ A 
0 2 0.2 180 0.0042 -0.2070 0.00001 
0 3 7.2220 0.0020 -2.2000 00 U0001 
0 4 2.3220 0.0280 -2 .3220 0.00000 1 
3 0 - 
0 4 0. LUM 1 0.02b0 O.UO19 ' 0.0119 0,4191 
0 4 0.1599 0.0261 0,0019 0.0159 0,5399 
0 4 O e  I499 0.0320 -0.0009 0,0159 0.7255 
0 4 0 0 1 8 7 0  0.0657 -Oe0O02 0.0147 1 0 0 6 1 0  
0 4 0,2367 0.1338 0.0 0.0199 1,5047 

























































































































































































































































































































APPENDIX B (CONTINUED) 
T I * '  0 A T 4  @ Q S R b Q  
- -- 
0 . 1 6 1  4 . 0 5 l F - 1 7  7 .Q99F-07  3 4i??E-07 
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Figure 2: TORSION TEST INNER THERMAL ENCLOSURE 
4 4 
F igu re  3: TORSION TEST WINDSCREEN 
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PRAME ASSEMBLY , 
I 
A m I 
NOTE: FOR CLARITY SOtIE PARTS OF THE ASSEMBLY 
ARE SHOWN OUT OF THEIR TRUE LOCATION. 
Figure 5 :  TORSION ASSEMBLY 
47 
/----- UPPER NUT 
THERMOPLASTIC 
BOND WITH CEMENT 
"PHENOXY 880" 
Figure  6: SPECIMEN AND TORSION EXTENSOMETER ASSEMBLY 
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Outer  F i b e r  Y i e l d  s t r a i n  ( u n i t s  of One M i c r o s t r a i n  [ shear ] )  





0 .001  0 . 0 1  0 . 1  1 10 10 0 1000  10000 
Y i e l d  S t r a i n  ( u n i t s  o f  one m i c r o s t r a i n )  
(a)  SPECIMEN 133 COMPRESSION TEST 
Figure 14:  E F F E C T  OF F R E S T R A I N  ON Y I E L D  !IEASURE:IENTS OF BERYLL IUr4  
F i  gure 14: (Concl uded) 
Legend 
Symbol T e s t  C o n d i t i o n  
0 T o r s i o n  Annealed 
El T e n s i o n  Anneal e d  
A Compression Annealed  
0 T o r s  i o n  Aged 
A x i a l  Y i e l d  S t r a i n  ( u n i t s  o f  one  m i c r o s t r a i n )  
( a )  SPECIMEN 1 3 1  
Figure 15 : COMPARISON OF A X I A L  AND TORSIONAL MEASUREMENTS ON B E R Y L L I U M  
Axial Yield S t r a i n  (Units of One Microstrain)  
(b)  SPECIMEN 132 
F igu re  15 :  (Continued) 
0.001 0,01 001 1 10 100 1000 10 000 
Axial Yield S t r a i n  (Units of one l l i c ros t r a in )  
( c )  SPECIMEN 133 
Figure 15;  (Concluded) 
Yield Strain (units of one microstrain) 
Figure 16 :  SU:l?IARY PLOT OF Y I E L D  MEASURENENTS ON ANNEALED B E R Y L L I  UII SPECIMENS 
Y i e l d  S t r a i n  ( u n i t s  of one  m i c r o s t r a i n )  
F igure  17: COMPARISON O F  B E R Y L L I U M  Y I E L D  MEASUREMENTS W I T H  PREVIOUS WORK 

-1 -0 .1  - 0 . 0 1 ~ 0 . 0 0 1 + 0 . 0 1  i-0.1 +1 
Indica ted  Yield S t r a i n  (Units of One Micros t ra in)  
(e)  SPECIMEN 104 REGROUND 
F i g u r e  18 (Concluded) 
"""I I - LEGEND 
- k. 
a, 










V) g 20 
L, 








0 2  
Lo 
1 
-1 -0.1 -0.01 +o. 001 +0.01 +o. 1 +I 
I n d i c a t e d  Yie ld  S t r a i n  (Uni t s  of 
One M i c r o s t r a i n )  




k Symbol Test Sequence G 200 0 Torsion 2 
2: A Compression 1 Fractured in Tension 
I n d i c a t e d  Yie ld  S t r a i n  (Uni t s  of 
One M i c r o s t r a i n  
( c )  SPECIMEN 113  
I n d i c a t e d  Yield  S t r a i n  ( U n i t s  of 
One Micros t r a i n  
(b) SPECIMEN 112 
I n d i c a t e d  Yield  S t r a i n  ( U n i t s  of 
One M i c r o s t r a i n )  
(d) SPECIMEN 114 
F i g u r e  19: U L E  S I L I C A  Y I E L D  MEASUREMENTS 
e LEGEND I 
Compression 3 
-1 -0.1 -0.01 i-0.001 +0.01 +0.1 + 1  
I n d i c a t e d  Yie ld  S t r a i n  ( U n i t s  of 
One X i c r o s t r a i n )  
(a)  SPECIMEN 1 2 1  
500 
LEGEND 
Symbol Test Sequence 
0 Torsion 2 
I3 Tension 3 
A Compression 1 
500r 
1 LEGEND 1 
Symbol Test Sequence 
0 Torsion 3 
El Tension 1 
A Compression 2 
TORS-DOP W A X  4 
-1 -0.1 -0.01 i-0,001 +0.01 +0.1 +1 
I n d i c a t e d  Y i e l d  S t r a i n  ( U n i t s  o f  
One Micros t r a i n )  
(b) SPECIMEN 122 
500r 
LEGEND 
Symbol -Test -Sequence 
0 As Received 1 
A Reground 2 
0 Etched 3 
TORSION ONLY 
I n d i c a t e d  S t r a i n  ( U n i t s  of I n d i c a t e d  Yie ld  S t r a i n  (Uni t s  of 
One Micros t r a in )  One Micros t r a i n )  
( c )  SPECIMEN 123 (d) SPECIMEN 124 












T o r s  i o n  I 
CER-VIT ill02 
T e n s i o n  
2 T i m e  A f t e r  R e l e a s e  o f  L o a d  ( M i n u t e s )  T i m e  A f t e r  R e l e a s e  o f  Load ( F f i n u t e s )  
.rl 
w 
(a) SPECIMEN 1 0 2  TOKSION ( b )  SPECIMEN 1 0 2  TENSION 
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(c )  SPECIMEN 1 0 2  COMPRESSION ( d )  SPECIMEN 1 0 4  REGROUND TORSlON 
Figure 2 1 :  C E R - V I T  T I M E  DEPENDENT S T R A I N  
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F i g u r e  23 : BERYLLIUPS T I M E  DEPENDENT S T R A I N  
Beryl l ium Specimen 133  
Compression Load 200 MN/m 
Preceded by Equal Tension Load 
( d )  SPECIMEN 133 AXIAL-LONG TERM 
Figure 23 : (CONCLUDED) 
A x i a l  S t r e s s  
(Meganewtons p e r  Square Meter) 
( a )  TENSION 
A x i a l  S t r e s s  
(Pieganewtons p e r  Square  Pieter)  
(b) COMPRESSION 
0 . 1 1 10 100 1000 
Shear  S t r e s s  
(Pleganewtons p e r  Square  Lleter) 
( c )  TORSION 
Figure 24 : SPECIMEN BENDING STRAIN 
A. Before Etch 
B. Af ter  Etch 
F i g u r e  A. 1 : C E R - V I T  S U R F A C E  C H A R A C T E R I S T I C S  
M A G N I F I C A T I O N  130X 
0 .I mm S U R F A C E  REMOVAL 
a. F r a c t u r e  O r i e n t a t i o n  
b .  F r a c t u r e  P a t t e r n  
F i  gure A. 2: C E R - V I I  TENSILE FWCPURE 
A. Before Etch 
B ,  After Etch 
F i g u r e  A.3 :  S I L I C A  SURFACE CHARACTERISTICS 
M A G N I F I C A T I O N  130X 
0.1 mm SURFACE REMOVAL 
Photomicrographs 
100 X 
Code /I7940 Fused S i l i c a  
Surface a s  Received 
10 m n u t e s  @50% HF 
Glass Removal - .0008 inches 1 
Note Deep Checks 
(1) 0.0008 inches = 0.02 mm 
20 Minutes (350% HF 
Glass Removal - .0016 inches  2 
Complete F o r t i f i c a t i o n  
(2) 0.0016 inches = 0.04 mm 
F i g u r e  A. 4: SILICA SURFACE CHARACTERISTICS 
(Photos and Capt ions Courtesy o f  Corning Glass) 
A.  Before Etch 
18. After Etch 
F i g u r e  A.5:  BERYLLIUM SURFACE CHARACTERISTICS 
MAGNIFICATION 130X 
0.25 mm SURFACE REMOVAL 
